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ABSTRACT 

Cartilage tissue engineering is a promising approach for the repair of chondral 

defects. Engineering of cartilage combines a three-dimensional scaffold with chondrogenic 

cells and appropriate external stimuli, and ideally results in constructs with properties that 

resemble, as closely as possible, native cartilage. Once implanted to repair a cartilage 

defect, the integration of tissue engineered cartilage (TEC) to surrounding native tissue is 

critical for a successful clinical outcome. However, this depends in part on the initial 

maturity of the engineered construct, which is challenging to assess a priori. Another 

challenge relates to the assessment of the longitudinal repair of cartilage defects after tissue 

engineering approaches are applied. Currently, evaluation is qualitative, based on visual 

and tactile observations using arthroscopic hook probes which can be a very subjective 

approach. Furthermore, gold standard techniques (histological, mechanical and 

biochemical evaluation) to determine compositional and mechanical properties of 

constructs in vitro and ex vivo are generally destructive.  

In this thesis, we are proposing the use of a spectroscopic fiber optic probe approach 

that spans the visible-near infrared (Vis-NIR) regions.  This would be a novel, non-

destructive technique based on high frequency nonionizing radiation that causes vibrations 

in the NIR region (750-2500 nm or 12000 to 4000 cm-1), and electronic transitions in the 

VIS region (400-750 nm) that result in a unique spectrum of the sampled tissues. 

Previously, we have shown that NIR spectral data collected in a non-destructive manner 

correlate to compositional and biomechanical properties of tissue engineered cartilage. 

Additionally, using an arthroscopic fiber optic probe, Vis-NIR spectra can be collected 

from repairing cartilage tissue in situ.  
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The overarching hypothesis of this thesis is that Vis-NIR fiber optic spectroscopy 

can be utilized to assess engineered cartilage development in vitro, and in vivo to assess 

repair in a pre-clinical model of chondral defect. This hypothesis was tested in the 

following three aims: 1. Assessment of the mid and NIR spectral features of scaffold and 

extracellular matrix components of cartilage and TECs for in vitro monitoring of TEC 

development by fiber optic NIR spectroscopy; 2. Assessment of the Vis-NIR spectral 

features of tissues present in the mini-pig stifle joint during the chondral repair process to 

facilitate interpretation of in vivo repair; 3. Model-informed design and analysis of an 

arthroscopic probe for spectral collection during the cartilage repair process in preclinical 

models and clinical scenarios. Together these studies contribute to an overall approach for 

spectroscopic assessment of tissue engineered cartilage as a pathway for bench to bedside 

evaluation of cartilage development and repair. 
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CHAPTER 1: INTRODUCTION 

1.1 Articular Cartilage Composition and Function 

Articular cartilage (AC) is an avascular, aneural, highly specialized soft connective 

tissue present at the end of diarthrodial joints. The primary function of it is to provide 

a smooth lubricating surface for frictionless movements of bone while absorbing the 

load at the joint. The chondrocytes are the primary cell types present and constitutes 

around 2% of the total volume of the AC [3]. They are dispersed into the tissue and 

arranged in various concentrations along different zones. Chondrocytes are surrounded 

by a thin layer of pericellular matrix (PCM) which helps in homeostasis of 

chondrocytes by relay of biochemical and biomechanical signals into the chondrocytes 

[4]. The PCM consists of collagen (type VI) and proteoglycans (aggrecan and 

Figure 1: Schematic illustration of structure and composition of articular cartilage [1]. 
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hyaluronic acid) that provides the mechanical integrity to the tissue [5]. The 

chondrocytes and PCM collectively termed as “chondron” and are surrounded by 

extracellular matrix of articular cartilage.  

Cartilage extracellular matrix (ECM) is composed primarily of large networks of 

proteoglycans (PG) that contain glycosaminoglycan (GAG) such as Hyaluronic acid 

(HA) and Chondroitin sulfate (CS) [6]. The ECM is comprised of water (65-80% of 

total weight), collagen (60% of the dry weight), proteoglycans (10-15% of the wet 

weight) and other non-collagenous proteins and lipids [3]. The primary collagen type 

present in articular cartilage is type II while smaller percentages of collagen type VI 

and type XI are also found [7]. Articular cartilage ECM plays an important role in 

regulating chondrocytes functions via cell-matrix interaction, organized cytoskeleton, 

and integrin-mediated signaling [6]. Chondrocytes regulate the synthesis and 

remodeling of its ECM by producing different factors such as interleukins (ILs), basic 

fibroblast growth factor (BFGF), bone-morphogenic proteins (BMP), and insulin-like 

growth factor (IGF) [8]. Likewise, CS and HA influence the proliferation and 

differentiation of chondrocytes, and maintains the swelling behavior and osmotic 

environment [6]. The integrins help in the attachment of chondrocytes to the ECM and 

signal transduction from ECM to the chondrocytes. These interactions between ECM 

and chondrocytes regulate cartilage homeostasis and cartilage repair [6, 8]. 

The articular cartilage, based on the distribution of the chondrocytes and 

extracellular matrix  components, can be divided into superficial, middle, deep and 

calcified zones [3] as shown in Fig. 1. These zones are divided based on the distribution 

of the chondrocytes, orientation of the collagen fibers and thus provide different 
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function of AC in joint mechanics. The superficial layer is the thin topmost layer (10-

20% of articular cartilage thickness) which provides protection from shear stresses and 

is made up of collagen II and IX parallelly arranged to the surface. The cell density is 

higher with flattened phenotype. This zone is responsible for most of the tensile 

properties of the cartilage. Just below the superficial zone is the middle zone (40 to 

60% of cartilage volume). It is made up of thick collagen fibers arranged obliquely to 

the surface. The chondrocytes in this region are spherical and present in low density. 

Functionally, this zone provides resistance to the compressive forces. The deep zone is 

made up of larger collagen fibers arranged perpendicular to the surface. The 

chondrocytes are also arranged in a columnar fashion between collagen fibers. This 

zone provides the highest resistance to the compressive load with high proteoglycan 

content and low water content. The compressive modulus of the deep zone of cartilage 

is found to be about 27 times higher than that of superficial layer [9]. The calcified 

cartilage layer is separated from the deep zone by a tidemark. This region provides an 

important role of anchoring the cartilage to the subchondral bone where the radial 

collagen fibers from deep zone are attached to. The chondrocytes cell density is very 

low in this region and they are hypertrophic [3].  

1.2 Articular Cartilage Pathology in Disease and Repair 

Cartilage degradation can occur due to injury and age and result in destructive 

disease such as osteoarthritis (OA). It affects an estimated 302 million people 

worldwide and is a leading cause of disability in older adults [10]. The pathology 

involves the whole joint including cartilage degradation, bone remodeling, osteophyte 
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formation and synovial inflammation. This result in painful limited motion in the joint 

and further leads to bone degradation due to the friction on the end of bones.  

Cartilage thinning and degradation in OA is the result of disturbance in cartilage 

homeostasis. The earliest sign of this is the increased in the water content due to the 

loss of negatively charged GAG [11]. Initially the degradation occurs in the superficial 

zone but later expands to the deeper zones. The PG degradation causes more stresses 

on the collagen fibers, the anabolic activity of chondrocytes increases to restore the 

changes and the replacement of collagen type II is observed at the cartilage surface 

[12]. The proteolysis of collagen II and the deposition of collagen I modifies the 

composition and mechanical properties of the cartilage. Similarly, on the deeper zone, 

the chondrocytes undergo phenotypic changes due to increase in metabolic activity to 

restore the OA changes, become more hypertrophic and proliferative. The hypertrophic 

chondrocytes express type X collagen and other factors related to matrix mineralization 

forming microcalcification inside the osteoarthritic cartilage. Macroscopically, these 

changes are accompanied by the appearance of patched surface fibrillations and 

ulcerations in the cartilage surface, leading to the cartilage thinning and the complete 

loss of cartilage in the most advanced stages [13].  

1.3 Osteoarthritis Diagnosis and Treatment 

Diagnosis of OA is critical in determining the treatment of the disease. Early 

detection can help to select appropriate treatment options and improve the clinical 

outcomes. Radiographic imaging is the most common method used for the diagnosis 

of the OA. However, the X-ray radiographs can only detect narrowing of the joint space 

or osteophyte formation which occurs at the later stages of OA. Magnetic resonance 



 
 

5 

 

imaging (MRI), ultrasonography (USG) and optical coherence tomography (OCT) 

provides better understanding of softer tissue such as cartilage compared to X-ray 

radiography. The invasive methods such as biochemistry of the synovial fluid and 

arthroscopy can provide better diagnosis where the later can be very helpful in detecting 

the superficial cartilage injury with visual inspection of cartilage lesion. OCT is also 

used with the arthroscopy and it can provide early onset of OA as it can capture 

chondrosis, pre-OA chondral lesions which cannot be identified in X-ray and MRI 

imaging [14]. 

Treatment of OA depends on the severity and stages of the disease. Early onset is 

usually treated with pain management such as administration of non-steroidal anti-

inflammatory drugs (NSAIDs) or injection of corticosteroid drug into the synovial 

cavity reducing inflammation and pain in joint. Alternative therapies such as HA 

injections, platelet rich plasma (PRP) injections have also been used. HA injection 

helps to replenish the PG concentrations [15] while PRP treatments have variable 

outcomes and still in research [16]. The cartilage defect treatments include microdefect 

treatments and autologous cartilage replacement techniques. Microfracture technique 

is the most commonly known repair technique. It is a marrow stimulation technique 

designed to create a temporary blood supply from the bone surface so that the stem 

cells residing in the subchondral bone comes out to the defect, essential for the healing 

process [17]. Microfracture technique however can only be used in very small defects 

(<2cm2)[18]. Unfortunately, the repair cartilage (fibrous cartilage) created through this 

technique has inferior structural qualities to hyaline cartilage as it is comprised of more 

fibrous collagen I than collagen II and hence is somewhat more likely to wear. 
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Autologous cartilage replacement has also been used as another alternative option 

where healthy cartilage from another non-weight bearing region is transplanted into the 

defect. In the severe OA, more drastic measures such as total joint replacement are 

used. 

Recently, regenerative approaches are also widely considered as an alternative 

treatment options for OA. Autologous chondrocyte implantation (ACI) where cartilage 

from other joints are harvested to isolate chondrocytes and injected to the defect area, 

have shown encouraging clinical outcomes [17]. However, this technique requires at 

least two surgeries and a period of post-operative rehabilitation and may result in donor 

site morbidity. Also, due to the extensive proliferation in vitro before implantation the 

proliferative of chondrocytes are limited and produces more fibrocartilage than hyaline 

cartilage. The lack of scaffold material also causes loss of chondrocytes into the defect 

after implantation. An improved technique is Matrix-induced autologous chondrocytes 

implantation (MACI) such as commercially available NeoCart® where chondrocytes 

are trapped in collagen I/III scaffold to be injected in the defect area [19]. Although 

ACI and MACI have been used clinically, there are still drawbacks including shortage 

of chondrocyte source, long chondrocyte harvesting time, as well as low effectiveness 

in aging patients [20]. 

1.4 Cartilage Tissue Engineering 

Tissue engineering (TE) of cartilage can be a potential alternative to the current 

therapy for treatment of OA. Tissue engineering has shown a promising future for many 

organs and tissue repair and transplants where the donor demand and supply are 

inadequate. The goal is to use patient’s own cells to grow a healthy tissue such as 
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articular cartilage in vitro in laboratory condition that can be used to replace the injured 

or diseased organ/tissue [21, 22]. In order to achieve this, it requires fundamentally 3 

factors; a viable cell source (autologous primary cells or stem cells), a scaffold 

(polymeric or biological such as hydrogels) that provides support and structure for the 

growing tissue, and differentiation factors (growth factors/hormones, mechanical or 

chemical inducing factors through bioreactors) that provides tissue specific stimulus 

for the cells [21, 23].  

Chondrocytes are the only resident cells of articular cartilage and thus have been 

used in many tissues engineering research.  However, there are two major challenges 

while using chondrocytes for TE of cartilage, number (no.) of cells and passaging of 

cells. For TE of cartilage, the population of cells required are in billions (depending on 

the size of the scaffold) however, to achieve these many no. of chondrocytes it will 

require harvesting of huge chunk of autologous cartilage and chondrocytes have very 

limited proliferation. The possibility of dedifferentiation of chondrocytes with multiple 

passaging also limits their potential as cell source for cartilage tissue engineering [24]. 

Mesenchymal stem cells (MSCs) such as bone marrow derived mesenchymal stem cells 

(BMSCs) and synovium derived mesenchymal stem cells (SynMSCs) can be a better 

alternative than primary chondrocytes [25]. MSCs are undifferentiated cells that can 

self-renew into MSCs and differentiate into chondrogenic, osteogenic and adipogenic 

differentiation. They have been extensively studied in cartilage TE due to their ability 

to multiply into chondrocyte phenotype in several passaging and multiplication [25, 

26]. BMSCs are widely studied in cartilage TE. However, they have potential to 

differentiate into hypertrophic cartilage rich in collagen I than collagen II. SYNMSCs 
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are MSCs found in the synovium surrounding articular cartilage. Studies have shown 

SYNMSCs and chondrocytes have similar genetic profile with high collagen II 

expression and low col X expression [27] and higher glycosaminoglycans (GAGs) 

production [28].   

Scaffolds are another critical component of TE of articular cartilage. A scaffold is 

typically made of either native/biological or synthetic material and in different forms 

(hydrogels, etc.) for the cells to be encapsulated in or seeded on [29, 30]. Hydrogels 

are often used as a scaffold for cartilage tissue engineering due to their viscoelastic 

properties that partially resemble the properties of native cartilage. Burdick et al., 

introduced a method to covalently crosslink methacrylated hyaluronic [31] acid for the 

encapsulation of cells and subsequent development of tissue engineered cartilage [32, 

33].  Thus, created hydrogel scaffolds provide the crosslinked structure with HA 

substrate where cells can attach and proliferate and develop into a cartilage construct. 

However, the complex architecture of articular cartilage with each zone having 

particular ECM concentration/orientation and chondrocyte phenotype has proved very 

difficult to recreate in vitro [32].  

1.5 Challenges in Monitoring Tissue Engineered Cartilage In Vitro 

The monitoring of tissue engineered cartilage development is important for 

choosing the optimal cartilage construct for the implantation. The most fundamental 

question on selection of appropriate tissue engineered cartilage construct is what degree 

of maturation (based on biochemical content and mechanical properties) these 

constructs should reach before implantation, and if they are able to integrate to native 

tissues. Fisher et al.  introduced a trajectory-based tissue engineering approach and 
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suggested that time-dependent maturation of constructs strongly correlated with the 

capacity to develop and improved integration of the constructs [34]. Hence, continuous 

monitoring of the growth and development of constructs could be valuable to identify 

optimal constructs for implantation. The maturation of the cartilage constructs is 

traditionally evaluated based on the biochemical, histological and mechanical 

assessment of the constructs at different time points. Biochemical assays are performed 

to quantify total sGAG (sulfated GAG) using dimethylmethylene blue (DMMB) dye 

binding colorimetric assay while total collagen is quantified from approximation from 

hydroxyproline content using Chloramine T assay [21]. Similarly, mechanical 

assessment includes compressive tests to calculate the equilibrium and dynamic elastic 

modulus of the constructs [32, 33]. However, these tests are destructive and rely on the 

assumption that the properties of the constructs used for these tests are similar to the 

properties of constructs for implantation. However, studies have shown that there is 

significant variability of maturation in constructs grown under identical conditions 

[35]. Thus, a nondestructive methodology to evaluate tissue engineered cartilage 

maturity could be valuable. Vibrational spectroscopy has potential to be an ideal 

nondestructive tool for such evaluation.  

1.6 Challenges in Monitoring Implanted Tissue Engineered Cartilage and 

Repair Cartilage Tissue In Vivo 

Cartilage regeneration success can be manifested by the repair of a cartilage defect 

with functional hyaline-like cartilage. The latter can be only analyzed and confirmed 

with histological examination ex vivo, after the sacrifice of an animal. In clinical 

studies, biopsies of repairing cartilage are not performed, so it is not possible to obtain 
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histological confirmation of tissue characteristics. Thus, monitoring of implanted 

constructs in a nondestructive qualitative and quantitative approach will be helpful in 

understanding the progression of repair of the cartilage. Clinically, an arthroscopic 

probe is used to assess the health of cartilage. However, this is based on qualitative 

visual and tactile assessment of the tissue with the possibility of subjective suboptimal 

reliability in assessment of the tissue [36]. Ultrasound, optical coherence tomography 

and near infrared spectroscopy can be helpful in providing arthroscopic assessment of 

healthy and repair cartilage tissue. 

In animal studies with treatment of cartilage defect with TEC, full chondral defects 

are created with the injury going deep into the subchondral bone and thus, substantial 

bone remodeling occurs after the injury[37, 38].  Bone remodeling in this type of 

system is due to the natural wound healing response from the injury to the 

cartilage/bone interface resulting from the injury and not due to the mechanical loading 

on the joint [37]. In a study by Fisher et al. with full chondral defects on Yucatan 

minipig models they have found that both microfracture defect treatment and untreated 

full thickness defect led to the formation of fibrous repair tissue with cartilage-like 

appearance in some pockets [37]. Similarly, in case of implanted constructs, the 

hydrogel degrades rapidly and is substituted by the fibrous repair tissue aided by the 

cells in the constructs. In another study by Fisher et al. they have found that these 

hydrogel constructs degrade rapidly in in vivo conditions with partial incorporation by 

extracellular matrix proteins within 2 weeks and complete incorporation by 6 weeks 

[26].  
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1.7 Vibrational Spectroscopy for Assessment of Cartilage Composition 

Vibrational spectroscopy such as infrared (IR) spectroscopy is a tool that can be 

utilized to evaluate the composition of tissue engineered constructs, in some 

applications in a totally non-destructive manner. Spectroscopic analyses are based on 

the interaction of light with the sample and doesn’t require sample preparation. The 

main advantage of IR spectroscopy is that constructs can be rapidly analyzed without 

destroying the samples such as other end-point gold standard techniques such as 

histological evaluation, biochemical and mechanical tests as mentioned above. IR 

spectroscopy has been used extensively to evaluate the tissue composition of articular 

cartilage and subchondral bone [39].  

Infrared (IR) spectroscopy is an optical technique in which the sample is irradiated with 

light and the scattered and reflected light from the sample is collected and analyzed to 

Figure 2: Typical vibrational spectra of cartilage and bone. (a) FTIR spectra of cartilage, (b) FTIR spectra of 

bone, (c) NIR spectra of cartilage, (d) NIR spectra of bone [2] 
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form a characteristic spectrum of that sample. The light interaction causes molecular 

vibration due to the change in dipole moment (bending or stretching) of the molecules 

in the sample. Such change happens at specific frequency forming a characteristic peak 

of that molecule/bond in a spectrum, the intensity of which relates with the 

quantification of that particular molecule. Based on the frequency of the light range 

used, IR spectroscopy can be divided into mid-infrared (MIR) (400-4000 cm-1) and 

near infrared (NIR) (4000-12500 cm-1). FTIR spectroscopy most commonly is used for 

MIR spectroscopy as most of the devices uses interferogram to convert into Fourier 

transformed spectrum of a sample. MIR spectra contain the “fingerprint region” (700-

1800 cm-1) where each peak provides information about a particular fundamental 

molecular vibration of a functional group that is related to composition and 

concentration of that particular component in the sample [21, 39].  However, NIR 

spectral regions consist of combinations and overtones of vibrations from different 

functional groups, C-H, N-H, S-H and O-H [40]. The peaks are much broader and often 

require multivariate analysis to quantify the relationship of changes in particular 

component in the sample with the change in the spectra. However, the major advantage 

of NIR spectroscopy is the depth of penetration of the NIR light, shown to be up to the 

centimeter range in cartilage [41]. In contrast, it is limited to ~10 μm in the MIR 

region[41, 42]. Due to this advantage, NIR spectroscopy (NIRS) is often coupled with 

a fiber optic reflectance probe to collect spectra from cartilage and tissue engineered 

cartilage in situ.   

A typical MIR and NIR spectrum of articular cartilage showing the characteristic 

peaks of the cartilage matrix components is shown in Fig. 2. In NIR region, apart from 
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absorbance peaks shown in Fig. 2, cartilage absorbance spectrum consists of more 

peaks that have been identified by different research groups. Yousefi et al. identified a 

NIR absorbance at 4443 cm-1 that correlates to matrix development in tissue engineered 

cartilage using bovine chondrocytes encapsulated in methacrylated hyaluronic acid 

hydrogels [33]. Palukuru et al previously identified absorbances at 4050, 4260, 4610 

and 4890 cm-1 arising from collagen and at 4020 and 4310 cm-1 from proteoglycan [43]. 

Palukuru’s work was further validated in a study comparing NIR spectroscopic imaging 

of cartilage composition with MIR [44].  NIR fiber optic spectral data collection of 

developing engineered constructs can be achieved in a sterilized biosafety cabinet 

during media change without impairing the development of the constructs. A fiber optic 

probe can also be used to collect spectra from repair tissue in vivo in pre-clinical studies. 

For our in situ developing cartilage studies, and our animal studies, we use NIR fiber 

optic spectral data collection. NIR fiber optic probes have also been used to collect 

spectral information during clinical arthroscopic evaluation of cartilage lesions  [45-

47]. However, data from those studies although provide more quantitative assessment 

of defect and lesion, they do not provide reliable predictions about the status of cartilage 

health and how the tissue are repairing over time.  

Spectral data processing and analysis 

Spectral data from FTIR and NIR studies are often processed prior to quantitative 

analysis and is usually a required step to extract reliable information from spectra of 

physically and chemically inhomogeneous samples such as biological tissues. The 

spectral features are often difficult to resolve in raw spectra, especially in the NIR 

region, due to the broader peaks from combination of multiple absorbances. These 
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techniques improve the robustness and accuracy of the subsequent analysis of the 

spectra by minimizing effects from background, noise and scattering interferences, and 

from differences in sample thickness.  

Prior to derivative processing, a Savitzky-Golay filter with a smoothing function 

are often used to process raw MIR or NIR spectra as a de-noising filter to smooth out 

the noise from the spectra [48]. In order to obtain the highest spectral signal to noise 

ratio, it is important to determine the optimal number of smoothing points for each data 

set individually. Too many smoothing points can reduce the signal and too few results 

in noise in spectra as signal. The overlapping absorption bands in raw spectra can be 

resolved into their respective components in second derivative spectrum. Second 

derivative resultant spectra also correct the baseline offset of spectra in raw spectra, 

and the peaks are aligned to the center of the raw spectrum absorbance peak, therefore 

resolving the overlapping bands. It has also been shown that second derivative peak 

height intensities correlate with the amount of a particular component in tissue. 

Rajapakse et al. in their study showed that the second derivative peak heights of water, 

collagen and fat in NIR spectra of bone significantly correlated with the integrated area 

of the same components [49]. Another commonly used and powerful preprocessing 

technique for NIR spectra is EMSC (extensive multiplicative signal) correction. EMSC 

reduces additive and multiplicative scattering in the NIR spectra [50] and enables the 

differentiation between physical and chemical based scattering [51].   

After preprocessing of the spectra, different univariate and multivariate 

chemometric methods are used to extract information from the spectral data. A 

univariate analysis, such as assessment of an absorbance peak intensity or the integrated 
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area of a peaks can provide information on the relative amount of a specific component 

present in the samples. However, in more complex spectra, including those in the NIR 

range, overlapping absorbances can be challenging to analyze, and may require a 

multivariate method. Towards that, principal component analysis (PCA), and partial 

least square (PLS) regression approaches have been used to extract information from 

complex spectra to understand cartilage composition.  Multivariate data analysis 

techniques allow analysis of large spectroscopic data sets by reducing the 

dimensionality and complexity of data so that meaningful information can be extracted. 

The primary emphasis on multivariate analysis of spectral data is often unsupervised 

classification of the dataset, as for example has been done using PCA to discriminate 

healthy and osteoarthritic cartilage [52]. Further, supervised methods such as PLS 

regression can be employed to extract information regarding compositional changes in 

healthy and OA cartilage [33, 43]. Such analyses typically require large amounts of 

calibration data comprised of spectra from tissues with known biochemical 

composition obtained using gold standard assays. These data are used to create PLS 

models that are then the basis for prediction of unknown sample composition.  

1.8 Optical Properties of Cartilage Tissue 

The interaction of IR light and biological tissues result in IR spectra that is the 

chemical representation of the molecules the IR light interacts with. The interaction of 

the IR light with the tissue results in absorption and/or scattering of light through the 

tissues. These are guided by the optical properties of the tissues and described as 

absorption coefficient (μa), scattering coefficient (μs), total attenuation coefficient (μt 

= μa + μs), scattering phase constant (p(cosθ)), scattering anisotropy (g), reduced 
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scattering coefficient (μ’s = μs(1-g)) and tissue refractive index (n) [53]. The ability of 

light to penetrate through a tissue and deposit energy by the optical properties of the 

tissue is very important for diagnostic/therapeutic applications of any light-based 

devices. The first step for designing any optical devices for diagnostic/therapeutic 

applications is to specify the optical properties of the tissue of interest. The second step 

would be to use the optical properties in a light transport model to predict the light 

distribution and energy deposition [54]. 

1.9 Monte Carlo Modeling of Infrared Light Interaction with Cartilage and 

Subchondral Tissue 

Computational modeling of light-matter interactions for e.g., Monte Carlo (MC) 

modeling can be used to simulate the photon paths in biological tissues such as 

cartilage, bone, etc. [55]. The MC method has been widely used in the past 20 years in 

many studies for simulating the propagation of light in turbid and complex media, such 

as biological tissues [56, 57]. The simulation/modeling provides insights about the 

absorption, scattering through different tissues in different layers and arrangements 

which is very helpful in designing an optical device for spectra collection of the tissue 

combination [55]. MC models start with creation of a tissue model space in which the 

user informs the model with known absorption, scattering, layers/morphology 

information, and illumination collection arrangements. Running the model then 

provides insight into simulated reflectance/transmission/photon fluence. The light 

interactions are dependent on the intrinsic optical properties of tissues that interacts 

with the light. These physico-optical characteristics depend primarily on the 

concentration, size, morphology, spatial orientation, biochemical composition and 
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metabolic activity of the tissue compounds as well as their structural organization [57]. 

Models of light propagation in tissues are important and needed in many clinical 

applications such as in vivo diagnosis and implementation of spectroscopic methods in 

situ using multiple-fiber probes [57]. It is also useful to understand the influence of 

each tissue component in the overall spectra of multi-tissue spectra. For instance, NIR 

spectra analysis from in vivo articular cartilage is challenging due to the aqueous 

environment of joint cavity and overlapping of the absorption from cartilage and 

underlying subchondral bone.  

 

Figure 3: Schematic representation of the N-layered model used to simulate light transport in tissue phantoms. 

e, n, µa, µs, g, Sexc, Sem represents the thickness, refractive index, absorption coefficients, scattering coefficient, 

anisotropy factors, excitation spectra and emission spectra  for each layer [57]. 

Various research groups have used MC simulation to simulate the light transport in 

homogeneous and nonhomogeneous/multiple layered tissue models. In multilayered 
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tissue model, each tissue layer is assumed to be flat with uniform optical properties. 

This assumption works fine when the source-detector separation is small so that the 

spatial variation in the optical properties within the separation is negligible [58]. 

Studies have been carried out to evaluate the effect of excitation and emission 

geometries, sample geometries, as well as absorption and scattering on tissue and 

combination of tissues [57, 58]. A MC model can provide simulated NIR spectra as 

well as information on the relative contribution to measured spectra arising from optical 

interactions in articular cartilage and subchondral bone [55, 59]. This information is 

helpful in developing a fiber optic based an arthroscopic probe to collect NIR spectra 

of healthy or OA cartilage and implanted tissue engineered constructs. 

1.10 Fiber Optic Probe in Arthroscopic Spectroscopy of Articular Cartilage 

Fiber optic probes have been widely used in modern spectroscopy measurements. 

It has been one of the most powerful spectroscopic tools due to their versatility in both 

the visible and near infrared frequency ranges [2]. They are versatile in terms of 

designing of the probe and can be designed miniaturized in size and configuration of 

fibers (compared to the external probes) to collect biological signals in situ. They 

transmit light into the body and interacts directly or indirectly with biological parameter 

of interest such as fluid, tissue, etc. This interaction changes the light beam and return 

back in separate fibers into the detection system. Numerous clinical applications are 

possible by the incorporation of fiber optic probe including arthroscopic evaluation of 

articular cartilage. The versatility of fiber optic probes in cartilage assessment has been 

shown for in vitro studies of engineered cartilage development [33, 60, 61], ex vivo 

studies of cartilage degradation [62-64], and in vivo arthroscopic evaluation of articular 
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cartilage and subchondral bone [65]. The possibility of using NIRS using an 

arthroscopic fiber optic probe for objective evaluation of cartilage lesions was first 

reported by Spahn et al. in their pilot study in human patients [45]. The study had 

developed a clinical arthroscopic hook probe inspired design which can collect 

reflectance spectra from the patients in just 5 seconds. Their study was based on 

spectroscopic evaluation of water content of a healthy cartilage and low-grade cartilage 

lesions in spectral range of 1100 nm to 1700 nm and had found to have good correlation 

of NIR based observation and visual grading of the lesions by highly-experienced 

surgeons [45]. Similarly, Afara et al. have also designed similar arthroscopic probe for 

evaluation of subchondral bone properties in vivo in wider spectral range of 400-1900 

nm in equine animals [65]. In their study, the arthroscopic spectral data was used to 

predict the cartilage biomechanical and subchondral bone plate properties i.e., 

subchondral plate thickness, bone volume and bone mineral density using multivariate 

techniques such as multiple linear regression (MLR) and artificial neural network 

(ANN) [65].  

Currently, there are no available quantitative arthroscopic tools to evaluate the 

cartilage lesions and repair. The scoring system used by surgeons are based on the 

visual scoring of the cartilage repair and are highly subjective [36]. Arthroscopic fiber 

optic probe with nondestructive NIR spectroscopy offers reliable clinical evaluation of 

cartilage health and repair.  
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CHAPTER 2: HYPOTHESIS AND SPECIFIC AIMS 

This Ph.D. dissertation focuses on development of spectroscopic approaches for 

evaluation of engineered cartilage tissues during in vitro development, and on assessment 

of cartilage repair of microfracture defects in preclinical animal models using a fiber optic 

modality of spectral data collection. 

2.1 Hypothesis 

Fiber optic-based visible and near infrared spectral analysis is a nondestructive tool 

that can be used to: 1. Evaluate the development of engineered cartilage in an in vitro 

setting and 2. Monitor the repair of joint tissue defects in preclinical models, thereby 

providing a fully quantitative tool for the longitudinal monitoring and management of joint 

disease. 

2.2 Specific Aims 

1. Spectroscopic assessment of tissue engineered cartilage components and in 

vitro development. 

The goal of this aim is to assess the spectral features of scaffold, extracellular matrix 

components of cartilage and TEC for monitoring of TEC development by fiber 

optic NIR spectroscopy. 

1A.  Infrared spectroscopic quantification of methacrylation of hyaluronic acid: 

a scaffold for tissue engineering applications 

1B.  Approaches for in situ monitoring of matrix development in hydrogel-

based engineered cartilage 
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2. Spectroscopic assessment of cartilage and joint tissue repair in preclinical 

studies 

The main goal of this aim is to assess the Vis-NIR spectral features of 

tissues present in the mini pig stifle joint during the chondral repair process to 

facilitate interpretation of in vivo repair. Our primary goals are: 1) to understand 

the contributions of individual tissues to the resultant Vis-NIR spectra. 2) Assess 

the differences in microfracture repair tissue at 1 month and 3 months. 

3. Model-informed design and analysis of an arthroscopic probe 

The main goal of this aim is to design a Vis-NIR arthroscopic probe for in situ 

assessment of defects in joint tissues. Additional preliminary studies were carried 

out to measure the optical properties of joint tissues (articular cartilage and 

subchondral bone) which were used to create simulation models as input for later 

optimization of the probe design.  

3A. Evaluate the optical properties of cartilage and subchondral bone tissue. 

3B. Design, fabrication and testing of a prototype arthroscopic fiber optic probe 

for in vivo Vis-NIR spectra collection of cartilage repair. 
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CHAPTER 3: SPECTROSCOPIC ASSESSMENT OF TISSUE ENGINEERED 

CARTILAGE COMPONENTS AND IN VITRO DEVELOPMENT 

Chapter 3 consists of two published manuscripts. The studies in Chapter 3 pertain to 

Aim 1 and are subdivided into Aim 1A and Aim 1B: 

3A. Infrared Spectroscopic Quantification of Methacrylation of Hyaluronic Acid: 

A Scaffold for Tissue Engineering Applications (Aim 1A) 

This study is published in Yousefi, Kandel et al. (2018) “Infrared Spectroscopic 

Quantification of Methacrylation of hyaluronic acid: a scaffold for tissue 

engineering applications”, in the journal of Applied Spectroscopy. The studies 

in Chapter 3A pertain to Aim 1A. 

3B. Approaches for In Situ Monitoring of Matrix Development in Hydrogel-Based 

Engineered Cartilage (Aim 1B) 

This study is published in Kandel et al. (2020) “Approaches for In Situ 

Monitoring of Matrix Development in Hydrogel-Based Engineered Cartilage”, 

in the journal of Tissue Engineering: Part C. The studies in Chapter 3A pertain 

to Aim 1B. 

3.1 Overview 

This chapter focuses on development of approaches for non-destructive 

spectroscopic evaluation of three major components of engineered cartilage: scaffold, 

extracellular matrix and water. The studies establish a baseline for spectroscopic 

assessment of changes in these components during longitudinal development of 

engineered cartilage constructs. First, spectroscopic evaluation of a common scaffold 
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for tissue engineering, methacrylated hyaluronic acid (MeHA), was investigated.  

MeHA has been used extensively in tissue engineering and drug delivery applications, 

including in the tissue engineered studies presented in this thesis. The degree of 

methacrylation (DM) of HA impacts hydrogel crosslinking, which is of pivotal 

importance for cell interactions. The methacrylation reaction occurs over several hours, 

and DM is currently assessed post-reaction and after dialysis of the solution, typically 

using nuclear magnetic resonance (1H NMR) data. Thus, there is little control over 

exact DM in a specific reaction. In the first study presented in this chapter, mid infrared 

(IR) spectroscopy in attenuated total reflection (ATR) mode was used as an alternate 

modality for assessment of the DM of HA hydrogels, including during the reaction 

progression. Attenuated total reflection is a low-cost technique that is widely available 

in research and industry labs that can be used online during the reaction process. This 

approach has the potential to greatly simplify workflow for tissue engineering and other 

applications.  

 The second study presented in this chapter addresses non-destructive NIR 

evaluation of matrix components in samples with high water content. This is 

challenging, as water absorbances overwhelm the spectral contributions from the 

matrix components. We established approaches by which NIR spectroscopy can be 

used to select individual engineered hydrogel constructs based on matrix content and 

mechanical properties. NIR spectroscopy of dry standard compounds allowed 

identification of several absorbances related to collagen and/or proteoglycan (PG), of 

which only two could be identified in spectra obtained from hydrated constructs, at 

∼5940 and 5800 cm−1.    In addition, an increasing baseline offset in raw NIR spectra 
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of developing engineered constructs also reflected matrix development in hydrated 

constructs.  The offset was found to be useful to assess the growth trajectory of 

individual constructs. These results demonstrate an optimal approach for the use of 

fiber optic NIR spectroscopy for in situ monitoring of the development of engineered 

cartilage, which may be useful for identification of individual constructs for 

implantation. 

3.2 Infrared Spectroscopic Quantification of Methacrylation of Hyaluronic Acid: 

A Scaffold for Tissue Engineering Applications 

3.2.1 Introduction 

Hyaluronic acid is a linear polysaccharide with repeating units of a disaccharide 

composed of β-1,4-D-glucuronic acid and β-1,3-N-acetyl-D-glucosamine. It is found 

as a non-sulfated glycosaminoglycan throughout the body, including in the vitreous of 

the eye and the extracellular matrix of cartilaginous tissue, with molecular weights in 

the range of 100 kDa to 8 MDa [66, 67] Various medical products have been designed 

and used based on HA and its derivatives during the past three decades, and there are 

many approaches for modification of the properties of HA and its derivatives [68, 69]. 

Among radical polymerization approaches, acrylates and methacrylates are the 

simplest and most frequently used reactive groups. Reaction of HA with methacrylic 

anhydride under basic conditions is one of the methacrylation approaches first 

implemented [70]. Methacrylated HA (MeHA) has been used extensively in many 

tissue engineering applications including cartilage tissue engineering [26, 71]. 

Physical properties of MeHA can be varied by adjusting hydrogel crosslinking via 

changes in macromer density as well as by varying ultraviolet (UV) exposure time. 
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The effect of variation of the physical properties of 29% MeHA on the 

chondrogenicity of mesenchymal stem cells (MSCs) has been studied by Bian et al.10 

[71]. Methacrylation of HA is a time-consuming process that requires careful 

monitoring. It is typically carried out over several hours or overnight, depending on 

the desired final DM, and involves continuously maintaining the pH of solution during 

the entire process time. At the end of this process, the solution is dialyzed to wash the 

unreacted methacrylate groups. Ultimately, the DM is only confirmed at the end of the 

process after dialyzation of the methacrylated product, which can take several days, 

where proton nuclear magnetic resonance (1H NMR) is used as the gold standard 

method to investigate the DM [31]. In spite of this being a gold standard technique for 

assessment of DM, NMR analysis has several drawbacks, including challenges with 

analysis of larger molecules, and difficulties in analyzing mixtures of products. In 

spite of this being a gold standard technique for assessment of DM, NMR analysis has 

several drawbacks, including challenges with analysis of larger molecules, and 

difficulties in analyzing mixtures of products. For mixtures, samples often have to be 

purified and concentrated, which may affect the structure of samples [72].  

In the past, IR spectroscopy has been used successfully to characterize 

glycosaminoglycans such as HA, and isomeric chondroitin sulfuric acids A, B, and 

C [73-75]. Hydration of HA has been also assessed by IR spectroscopy [76, 77]. Here, 

we propose that IR spectroscopy can also be utilized as a modality for assessment of 

the DM of HA hydrogels. The IR spectral technique would have several advantages 

over the NMR method, including lower cost of instrumentation and ease of use, 

minimal sample preparation,[75] and the ability to monitor the reaction process 
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online. The experiments described here will provide a validation for the IR method 

by identification of absorbances that are most influential in monitoring the reaction 

process and describing preliminary data for online monitoring of the process. 

Accordingly, we investigated correlations between IR spectroscopic assessment of 

DM and 1H NMR results to assess whether IR could be used as an alternative 

approach to 1H NMR to quantify the DM in HA during and after the methacrylation 

process. 

3.2.2 Methods 

Hyaluronic Acid Methacrylation 

Methacrylated HA was synthesized as follows. Methacrylic anhydride (Sigma-

Aldrich 64100, ~20-fold excess) was added to a solution of 1wt% HA (Lifecore, 

MW) in deionized water adjusted to a pH of 8 with 5N NaOH (Aldrich) and reacted 

on ice for 6 h. The time at which all methacrylic anhydride was added to the HA 

solution was considered timepoint zero. At this timepoint, three samples were 

collected from the reaction batch (n=3, volume=7 mL). After timepoint zero, the 

same number of samples with the same volume were collected from the batch at 

t=1, 2, 3, 4, 5, and 6 h while the methacrylation process was proceeding. For 

purification, the macromer solution was dialyzed (MW cutoff 5–8kDa) against 

deionized water for at least 48 h, and the final product was obtained in powder form 

by lyophilization for ATR data collection. A separate pilot set of samples was 

evaluated to investigate whether DM could be assessed on-line during the reaction 

process (t=1, 2, 3, 5, 6 h). for these samples, ATR spectral data were collected from 

undialyzed samples and then evaluated by 1H NMR after dialysis and 
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lyophilization. There was only enough to collect n=1 per timepoint for these 

samples, and the 4 h timepoint, which was evaluated using ATR in the dialyzed and 

lyophilized samples, was not available for these pilot samples. 

Proton Nuclear Magnetic Resonance 

All dialyzed and lyophilized MeHA samples were weighed and dissolved 

in D2O (Sigma Aldrich 151882) at a final concentration of 10–15mg/mL in 2mL 

Eppendorf tube and transferred in 5mm NMR sample tubes (Wilmad 528PP). The 

1H NMR of MeHA was performed using a Bruker (Wissembourg, France) Avance 

III HD NMR spectrometer at 500MHz. The acquisition parameters were set at: 

temperature 298K; number of scans 16; time domain 65 536; pulse length 10ms; 

and delay length 1s. All 1H NMR spectra were first phased, and baseline corrected 

(Bernstein polynomial fit, order 3) using MestReNova version (San Francisco, CA) 

11.0.4-18998 software. The proton peaks at 5.6 and 6.1 parts per million (ppm) 

represent the protons on the alkene of the methacrylate, the proton peak at 3–4.2 

ppm represents the signal from a combination of ten protons in the HA backbone, 

the peak at 1.9 represents the proton peak of the methyl entity on the methacrylate, 

and the peak at 2 ppm represents protons on the N-acetyl group on the HA backbone 

(Fig. 4). The DM was calculated from the sum of the integration of the methacrylate 

group peaks at 6.1ppm and 5.6 ppm ratioed to the integrated area of the HA group 

peak at 3–4.3 ppm and normalized to 10 (representing ten protons of HA). 
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Attenuated Total Reflection Infrared Spectroscopy Data Collection 

The IR spectra of undialyzed liquid MeHA reaction material, dialyzed and 

lyophilized MeHA samples, and pure methacrylic anhydride (Sigma-Aldrich 

64100) were recorded on a Thermo Scientific Nicolet iS5 spectrometer (Thermo 

Fisher, USA) equipped with an ATR unit with a diamond crystal. All ATR spectra 

were recorded over the range 4000–750 cm-1 at 8 cm-1 spectral resolution with 128 

coadded scans and with a zero-fill factor of 4. An air background was collected 

with 128 co-added scans and used for ratioing the sample data for lyophilized 

samples, whereas a water background was collected for liquid undialyzed samples. 

Attenuated Total Reflection Spectral Data Processing and Analysis 

Attenuated total reflection spectra were analyzed using The Unscrambler X 

(CAMO Software). Before analysis, original spectra (4000–800cm-1) were 

truncated to 1800–800 cm-1 to exclude areas containing systematic noise or spectral 

information not relevant to the analysis. For dialyzed and lyophilized samples, at 

least three spectra (n=3) for each timepoint were averaged and baseline corrected. 

The spectra were then mean normalized, and second derivatives of the spectra 

obtained with a nine-point Savitzky–Golay smoothing filter. For undialyzed liquid 

samples, at least three spectra (n=3) for each timepoint were processed with 

extended multiplicative signal correction and second derivatives of the spectra were 

obtained with a nine-point Savitzky–Golay smoothing filter. Second derivative 

spectroscopy has been widely used as a spectral analysis technique to resolve 

underlying peaks. The intensities of negative peak heights in the spectra were 
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converted to positive values (inverted) for ease of visualization, and the intensity 

between 1708–1712cm-1, which arises from the C=O ester bond vibration in the 

methacrylate group, was assessed as the primary marker for methacrylation of HA. 

Principal component analysis (PCA) was performed to reduce the 

complexity of, and to aid in the interpretation of, the spectral data. Each principal 

component (PC) demonstrates spectral variance within the data set, with PC1 

reflecting the greatest variance. Component scores indicate the amount of variance 

explained by each PC. The relationship or amount of similarities and differences 

between samples were represented visually in a score plot. The degree to which 

each wavenumber contributed to the variance explained by that particular PC was 

indicated in the loading plot. The loading plots were used to identify specific 

wavenumbers that had the greatest contribution to the separation of the data by DM. 

The partial least squares (PLS) method was applied to analyze the correlation 

between the IR spectra of the samples and the reference DM data of the samples 

from the 1H NMR data. Partial least squares regression maximizes the covariance 

between X (spectral data) and Y (in this study 1H NMR data). The convergence of 

the system to a minimum residual error is often achieved with a few factors 

depending on the variance in both X and Y matrices. Root mean square of errors 

for calibration and cross-validation in the PLS model were used to assess the quality 

of the model. 
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3.2.3 Results  

The degree of methacrylation from MeHA samples at every hour (1 – 6 hrs) 

was calculated using NMR spectroscopy. The 1H NMR spectra of raw HA show 

characteristic peaks at ∼ 2.0 ppm attributed to the protons belonging to the –CH3 

group, while the peaks in the region of ∼ 3–4.3 ppm correspond to the protons from 

the D-glucuronic acid and N-acetyl glucosamine units [78].  Proton NMR 

spectroscopy confirmed the methacrylation reaction, showing the introduced 

protons from the methacrylation moieties at ∼ 6.1 ppm and ∼ 5.6 ppm, 

corresponding to the protons on the alkene of the methacrylate, and at ∼ 1.9 ppm 

corresponding to the methyl group on the methacrylate. The NMR-determined DM 

generally increased with time up was found to be: 16.12 ± 3.3% for 1 h samples, 

26.1 ± 1.63% for 2 h samples, 36.2 ± 3.43% for 3 h samples, 43.5 ± 1.32% for 4 h 

samples, 49.2 ± 1.3% for 5 h samples, and 48.5 ± 5.67% for 6 h samples as 

Figure 4: (a) Chemical structure of MeHA, and (b) 1H NMR spectrum of MeHA showing methacrylation 

peaks. The numbers indicate the protons in the structure and their related 1H NMR peaks 
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determined from the 1H NMR data. There was no significant increase in DM after 

4 h.  

Similarly, the ATR spectra from the samples show the characteristic peak at 

1708-1712 cm-1 increased as the time of methacrylation progressed. A similar trend 

was observed in second derivative spectra (Fig. 5).  

The PCA of the second derivative spectra of lyophilized samples revealed 

a distinct separation between samples obtained at different timepoints (Fig. 6a). 

Similar separations are found in the undialyzed methacrylated samples (Fig. 6b).  

Figure 5: Raw and (b) second derivative spectra of lyophilized MeHA at different time points (1–6 h) 

demonstrate an increase in the 1712 cm-1 peak height as the methacrylation reaction progresses. 



 
 

32 

 

The loading plot of the PCA from both dialyzed (Fig. 7a) and undialyzed 

(Fig. 7b) samples indicate that same peaks are influencing the separation amongst 

the groups.  

Figure 7: (a) Loading plot of PC1 in the second derivative based PCA analysis of dialyzed and lyophilized 

samples. The height of peaks with asterisks correlates with each other and/or with NMR DM values. (b) 

Loading plot comparison of PC1 in the second derivative-based PCA analysis of dialyzed and lyophilized 

samples (blue) and PC@ in the second-derivative based PCA analysis in undialyzed liquid samples (red).  

Figure 6: (a) Principal component analysis score scatter plot of dialyzed and lyophilized MeHA samples at 

different reaction timepoints. Separation is based primarily on PC1. (b) Principal component analysis score 

scatter plot of liquid undialyzed MeHA samples at different reaction timepoints. Separation is based 

primarily on PC2. 
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Table 1: Correlation between IR second derivative peak height (cm-) and 1H NMR intensity 

values obtained from lyophilized and dialyzed samples. 

 

Correlations were found between the DM values obtained from the 1H NMR 

experiments and second derivative peak heights obtained from IR spectroscopy 

experiments (Table 1). A MLR model was calculated to predict the 1H NMR-

derived DM based on spectroscopic peak heights of lyophilized samples at 

1708 cm−1, 1300 cm−1, and 1200 cm−1 (peaks with the highest correlations with 1H 

NMR values) as independent variables. A significant regression equation was 

found with a standard error of estimate of 3.12%: 

 

𝐃𝐌=31.14−1792.0×𝐀+3786.50×𝐁−4221.80×𝐂 
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(F (3,22) =120.824, 𝑃<0.001), 𝑅2=0.94 

where A is the second derivative peak height at 1708 cm−1, B is the second 

derivative peak height at 1300 cm−1, and C is the second derivative peak height at 

1200 cm−1. 

3.2.4 Discussion 

The goal of the current study was to assess whether IR spectroscopy can be used 

to quantify variations in the DM as the HA modification process progresses, with 

the eventual goal of being able to use IR spectroscopy as a standard for 

determination of DM. Variations in DM of methacrylation reactions can be due to 

differences in reaction time, MA concentration, pH, and temperature. Further, even 

with same conditions and same MA to HA molar ratio, different DMs, with 

standard deviations in the range of 18–32%, have been shown to occur [79]. We 

also have found that the same MA used for different methacrylation reactions at 

various times yielded MeHA with various DMs. This variation also supports the 

need for a faster, in-situ method for determining DM during methacrylation. To 

achieve this goal, IR spectral data were correlated to 1H NMR-determined DM 

data, and strong correlations were achieved using IR second derivative peak heights 

in both dialyzed and lyophilized samples. 

 

The peak that changed the most during the reaction, at ∼ 1708 cm−1 was 

previously assigned by Weeks et al. to the C=O of methacrylate ester groups added 

to HA during the methacrylation process [80]. As the increasing trend of (negative) 

peak heights at 1708 cm−1 suggested, the number of methacrylic groups added to 
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the HA backbone increased as the methacrylation process continued, up until 4 h in 

the group of lyophilized and dialyzed samples, and up to 3 h in the pilot group of 

non-dialyzed samples. The values were obtained from 1H NMR data from samples 

at different timepoints based on the standard method of integrated areas of peaks 

at ∼ 6.1 ppm and ∼ 5.6 ppm ratioed to the protons on the alkene of the methacrylate. 

Further, MLR analysis, based on several IR peaks that were correlated to the NMR 

parameters, and PLS regression were both successful in prediction of the DM, 

although MLR had smaller errors, likely due to the lack of variable selection in the 

PLS model. These data support the use of IR spectroscopy for assignment of the 

DM for polysaccharide-based biomaterials in which crosslinking has a pivotal 

effect on function of cells and interaction of cells and biomaterials. 

3.3 Approaches for In Situ Monitoring of Matrix Development in Hydrogel-

Based Engineered Cartilage  

3.3.1 Introduction 

Articular cartilage has limited capacity to self-heal when damaged by trauma or 

disease, due in large part to the lack of blood vessels, nerves, and a lymphatic 

system [3]. Tissue engineering is a potential regenerative alternative to the primary 

clinical interventions in use today for cartilage repair [81-83]. Cartilage tissue 

engineering entails the in vitro development of a “construct,” typically composed 

of cells, extracellular matrix (ECM), and a scaffold material, which is then 

surgically implanted into a defect. The intention is to integrate the construct with 

surrounding healthy tissue, followed by eventual tissue regeneration and healing. 
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Many approaches for tissue engineering cartilage have been investigated, including 

methods that explore biomaterials, acellular and cell-laden constructs, and the 

inclusion of time-released growth factors, all with the final goal of generating a 

construct that once implanted will restore tissue function [84-86]. Hydrogels have 

exhibited particular promise as a biomaterial for cartilage tissue engineering due to 

their viscoelastic properties that partially resemble the properties of native cartilage 

and their ability to support cell viability and subsequent production of cartilaginous 

ECM [29, 32]. 

The matrix of native articular cartilage is primarily composed of water (60–

85 wt.% of wet weight), type II collagen (10–30 wt.% of wet weight), and 

proteoglycans (PGs) (e.g., chondroitin sulfate [CS]) (10–15 wt.% of wet weight), 

with other noncollagenous proteins and glycoproteins in lesser amounts [3, 87]. 

Evaluation of matrix development in tissue engineered cartilage constructs is a 

reasonable approach to verify the “readiness” of a construct before implantation, 

which could improve the potential for construct integration and successful 

regeneration of the damaged tissue. 

Although the evaluation of constructs within a group of developing samples 

can yield information about the average properties of the group, this does not yield 

information about the properties of specific individual constructs, which can vary 

substantially [88]. Construct development is heterogeneous and, typically, results 

in a range of matrix properties, even among constructs cultured in the same 

conditions. Consequently, having the ability to evaluate longitudinal matrix 

development in individual constructs with a nondestructive method would be 
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advantageous and would allow the selection of constructs with optimal 

development. 

Gold standard methods for analyzing matrix development in engineered 

cartilage constructs are generally destructive. End-point assays such as biochemical 

and histological methods require sacrificing a sample that cannot be used for future 

implantation. Furthermore, these methods rely on the assumption that the properties 

of the sacrificial construct are very similar to the properties of the construct for 

implantation, without consideration of variation among individual constructs. Thus, 

investigation of alternative nondestructive methods for assessment of construct 

development is desired. 

Fourier transform infrared spectroscopy has been extensively used to 

investigate the chemical composition of articular cartilage in both mid infrared 

(MIR) (4000–400 cm−1) and near infrared (NIR) (12,500–4000 cm−1) regions of the 

electromagnetic spectrum [33, 61, 89-91]. Chemical bonds within molecules 

vibrate at specific frequencies in the infrared spectral region, resulting in spectra 

composed of absorbance bands arising from specific components of samples [92]. 

In the MIR region, the absorbance bands arise from fundamental vibrations of 

molecular bonds and are typically strong and specific; the NIR bands are often 

weaker, broader, and overlapping, arising from combination (5300–4000 cm−1) and 

overtone (first overtone: 7100–5300 cm−1, second overtone: 9000–7100 cm−1) from 

O-H, N-H, C-O, and C-H vibrations [93]. 

Conversely, the penetration depth of MIR is limited to a few microns, which 

makes it a poor choice to evaluate three-dimensional samples, such as tissue 
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engineered cartilage constructs. An important advantage of NIR is that it exhibits a 

deeper depth of penetration into the sample. In cartilage, NIR radiation has been 

shown to reach a depth of ∼1–2 mm in the 5100–4000 cm−1 frequency range, up 

to ∼3 mm in the 7000–5100 cm−1 range, and up to ∼5 mm in the 9000–7000 cm−1 

range [41]. Considering that average human articular cartilage is about 1–3 mm 

thick and that engineered cartilage constructs for implantation are of similar 

thickness, information from the entire construct depth could be obtained with NIR 

spectral analysis. 

NIR spectroscopy has been previously used to nondestructively monitor 

matrix development in tissue engineered cartilage constructs, [21, 61, 94] and when 

coupled to a fiber optic probe, this approach can provide a portable nondestructive 

modality to monitor construct development in situ. 

However, NIR spectral analysis also has challenges. In particular, using NIR 

spectroscopy to evaluate matrix formation in samples with high water content is 

not straightforward, as the absorbances from water often overwhelm the spectra and 

obscure matrix absorbances, including those of collagen and PG [43, 95]. 

Hyaluronic acid hydrogels used for cartilage tissue engineering absorb large 

amounts of water and can result in 1000-fold expansion of the original volume [96]. 

Thus, NIR assessment of hydrated hydrogel-based engineered cartilage can be 

particularly complex. 

In a recent study, a NIR-based multivariate method was developed for 

assessment of hydrogel-based TE bovine cartilage constructs, which produced 

reasonable results for assessment of harvested constructs at experimental end points 
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[33]. However, assessment of individual constructs during growth was not 

performed, and thus, the sensitivity of that method to incremental changes in matrix 

during construct development is not known. 

Accordingly, the goal of the current study was to identify features of NIR 

spectra obtained from hydrogel-based engineered constructs that could be used to 

assess individual hydrated construct development in real time. This was achieved 

with a three-part study design. 

First, diffuse reflectance NIR analysis was performed on dried samples of 

articular cartilage and standards (pure and mixtures) of the primary matrix 

components of cartilage, collagen, and PG and a hydrogel scaffold, methacrylated 

hyaluronic acid (MeHA), to define spectral absorbances that were unique to matrix 

components; Second, diffuse reflectance NIR spectra of hydrated native cartilage 

and tissue engineered cartilage constructs were obtained and compared to spectral 

data from the dry samples, to assess which molecular absorbances from matrix 

components were still visible in the spectra from hydrated samples; And third, 

diffuse reflectance NIR spectra were obtained from hydrated samples with 

differences in matrix composition and analyzed based on spectral parameters 

defined in these initial studies. 

Together, these data provide a cohesive molecular-based approach for in 

situ longitudinal assessment of hydrated construct development. The results 

provide a strong foundation for a nondestructive modality to distinguish individual 

constructs based on their developing matrix properties during in vitro growth. 
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3.3.2 Methods 

Standard samples 

Dry standards: Dry standards of pure CS (Sigma), the primary PG in collagen, 

collagen type I (Col) (Sigma) MeHA (prepared as previously described25), and 

mixtures at varying concentrations CS–MeHA (10–90%, 25–75%, and 50–50%), 

Col–MeHA (10–90%, 25–75%, and 50–50%), and CS–Col–MeHA (20–40–40%, 

33–33–34%, and 50–25–25%) were prepared as concentrated pellets under high 

pressure. Each component was lyophilized for 24 h before making pellets. 

Although type II collagen is the primary collagen in cartilage, type I collagen was 

used here due to its availability and significant lower cost, which were critical for 

the quantities required in this study. 

Furthermore, we confirmed in an earlier study that the NIR spectra of type I and 

type II collagen were indistinguishable [43]. In addition, lyophilized immature 

bovine cartilage was ground and prepared as a pellet. To make pellets of uniform 

thickness, 100 mg of the pure and mixture proteins were evenly distributed in a 

13 mm diameter pellet dye and pressed under high pressure (1000 lb. for 1 min) 

using a pellet press (Carver, Wabash, IN). At least three replicate pellets were 

prepared for each protein and mixture of proteins. 

Hydrated samples: Hydrated samples of native cartilage were used as a reference 

sample for the tissue-engineered constructs. Intact pieces of cartilage with 6 mm 

diameter and 2 mm thickness were harvested from immature bovine stifle joints 

(Research 87). Before analysis, excess water was removed by contact with an 

absorbent paper. The NIR spectrum of pure water was obtained from a 100 μL 
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deionized (DI) water drop. Gels with different gelatin contents were also used as 

standards. Hydrogels with 1–16 wt./vol.% of gelatin were prepared by mixing 

gelatin powder (Sigma) with DI water, followed by cooling overnight at 4°C. At 

least three sample replicates were analyzed for each sample type. 

Methacrylated hyaluronic acid synthesis 

MeHA was synthesized by methacrylation of HA as previously reported 

[31, 97]. Briefly, 1 wt./vol.% sodium hyaluronate (65 kDa; Lifecore) solution was 

prepared in DI water and kept at 4°C overnight. On the next day, methacrylic 

anhydride (Sigma; ∼20-fold excess) was added dropwise to the HA solution, and 

the pH was continuously adjusted to 8–9 by adding 5 N NaOH. The methacrylation 

was carried out for 6 h on ice, and the solution was purified using dialysis 

(molecular weight cutoff 6–8 kDa) against DI water for 14 washes over 7 days. 

After dialysis, the final product was lyophilized and stored at −20°C. 

To prepare the 2 × MeHA stock solution for cell encapsulation, the lyophilized 

MeHA was dissolved in phosphate buffered saline (PBS) at 2 wt./vol.%, and 

photoinitiator Irgacure I2959 (Sigma) was added to the solution at 0.01 wt./vol.% 

to allow UV-mediated polymerization into hydrogels. The solution was filter 

sterilized using a 0.2 μm filter (Millipore) before cell encapsulation. 

Chondrocyte isolation and culture in MeHA hydrogels 

Articular cartilage pieces were harvested from 6-month-old Yorkshire 

porcine stifle joints obtained from a slaughterhouse (Animal Biotech, Inc.). The 

tissues were minced using scalpel blades and digested in spinner flasks at 37°C and 

5% CO2 for 18 h. The digestion solution consisted of 275 U/mg type II collagenase 
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(Worthington Biochemical) in 100 mL of Dulbecco's modified Eagle's medium 

(DMEM; Life Technologies) containing 1% Penicillin-Streptomycin-Fungizone 

(PSF; Life Technologies). The digest was filtered through a strainer and a 70-μm 

nylon filter, followed by a 10 min centrifugation at 1000 g. The primary 

chondrocyte pellet was then washed thrice in PBS containing 1% PSF and counted 

using a hemocytometer. 

A cell suspension was prepared in PBS and mixed with the MeHA stock 

solution in a 1:1 proportion to make a final solution with 60 million cells/mL in 

1 wt./vol.% MeHA containing 0.005 wt./vol.% Irgacure I2959 (Sigma). The 

solution was then transferred into a gel caster between glass plates separated by 

2 mm spacers. The solution was exposed to UV light for 15 min using a 265 nm 

Black-Ray UV lamp (Model no. UVL-56) to induce hydrogel polymerization. 

Chondrocyte-laden hydrogel constructs were created using 4 mm biopsy punches 

(Miltex) and placed in glass-bottomed well plates (In Vitro Scientific) to allow NIR 

collection (glass do not show absorbances in the NIR range). 

The constructs were cultured at 37°C and 5% CO2 in a chemically-modified 

medium showed to favor chondrogenesis, [98] consisting of high glucose DMEM 

supplemented with 10 ng/mL TGF-β3 (R&D systems), 0.1 M dexamethasone, 

50 mg/mL ascorbic acid, 40 mg/mL L-proline, 100 mg/mL sodium pyruvate, 

6.25 g/mL insulin, 6.25 g/mL transferrin, 6.25 g/mL selenious acid, 1.25 mg/mL 

bovine serum albumin (BSA), 5.35 g/mL linoleic acid, and 1% PSF. Cell media 

was changed twice a week, and constructs were harvested at weekly time points for 

up to 8 weeks. Three experimental rounds were carried out. 
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Near infrared spectral data collection 

NIR spectra were collected using a Nicolet iS5N spectrometer (Thermo 

Fisher Scientific) with a fiber optic probe (Remspec Corp). The probe contains a 

fiber bundle of 3.5 mm in diameter, with 35 individual fibers of 400 μm in diameter 

(20 for illumination and 15 for collection). 

The probe tip was positioned at 2 mm distance from the samples for spectra 

collection, using a Z-axis adjustable stage (OptoSigma) to set the precise distance. 

The stage was covered with a reflective foil surface and used as platform for the 

samples. Spectra were collected in diffuse reflectance mode in the 10,000–

4000 cm−1 range at spectral resolution of 16 cm−1. Background spectra of air were 

collected with 256 co-added scans and sample data, with 128 co-added scans. 

Typically, a greater number of background spectra are utilized such that any noise 

in the ratioed sample spectra is known not to arise from background. 

For the dry standards, six spectra were collected from each pellet and 

averaged together. For the hydrated tissue samples, gelatin gels, and tissue 

engineered cartilage constructs, two spectra were collected for each sample and 

averaged before processing. To obtain NIR spectra from developing live 

engineered cartilage constructs, sterile data collection was done inside a biological 

safety cabinet (Fig. 8) during the media change process, before adding fresh 
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medium to the constructs, so they were minimally hydrated for a maximum of 60 s 

per construct. 

Mechanical analysis of constructs 

After NIR data collection, a subset of the constructs was harvested and their 

thickness and diameter were measured. Unconfined compression tests were 

performed to obtain dynamic modulus. Briefly, a Bose ElectroForce 3230 (Bose) 

was utilized with a 1000 g load cell to perform stress relaxation tests at 10% strain 

for 1000 s, followed by five cycles of sinusoidal loading at 1 Hz and 1% strain. The 

constructs were kept hydrated during the tests using PBS solution. Data were 

processed in a custom macro in Microsoft Excel. 

Biochemical analysis of construct proteoglycan and collagen content 

Constructs were harvested, assessed for gravimetric wet weight, flash 

frozen in liquid nitrogen, lyophilized for 48 h, and kept at −80°C until analysis. 

Samples were digested in 1 mg/mL proteinase K (Sigma) solution for 24 h. PG 

Figure 8: Schematic of spectral data collection inside a biosafety cabinet. 
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content was determined by the dimethylmethylene blue assay for sulfated 

glycosaminoglycans, [99] and collagen content was analyzed using the chloramine-

T assay for hydroxyproline quantification. Results were calculated as wt.% of wet 

weight. 

Spectral data processing and multivariate analysis 

NIR spectral data were processed in The Unscrambler X software (CAMO). 

The scattering noise in the NIR spectra from dry protein pellets was corrected using 

an extensive multiplicative signal correction method [50]. The raw spectra from 

hydrated samples were smoothed with a 15-point Savitzky–Golay filter to improve 

signal-to-noise quality. For all NIR spectra, second derivative spectra were 

obtained followed by a Savitzky–Golay filter with 15 smoothing points and 

inverted to facilitate visualization of absorbance peaks. The second derivative was 

obtained to resolve broad absorbances and overlapping bands into sharper peaks, 

allowing the identification and quantification of components with greater 

specificity [49, 100]. 

All spectral processing was done to achieve noise reduction while 

preserving subtle spectral features. For direct comparison of samples, spectra were 

batch processed using the same parameters. In general, spectra are presented as 

averages from several sample replicates, unless otherwise noted. Univariate 

analyses of the spectra were based on second derivative peak intensity (height) and 

ratios. 

Multivariate analysis was done using principal component analysis (PCA), 

an approach in which the spectra of samples of interest are compared based on 
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multiple frequencies of the spectra, which get reduced to a lower number of 

independent principal components (PCs) [101, 102]. The data were plotted based 

on their PCs and scores, with a cluster separation among spectral groups reflecting 

similarities and variations in the spectra of the analyzed samples. 

For analysis of the NIR data from tissue engineered constructs, spectra from 

groups of constructs with poor (n = 16) and good (n = 16) matrix development 

(determined by biochemical analysis of PG content and assessment of dynamic 

modulus) were batch processed as described above and univariate analysis of peak 

heights and PCA performed. For the individual constructs that were monitored 

longitudinally in culture, spectra were obtained from individual constructs at 2, 4, 

and 8 weeks, and poor (n = 6) and good (n = 6) development was determined based 

on the 8-week terminal end point biochemical and mechanical properties. 

Univariate features of the spectra collected from the same individual constructs at 

week 2, 4, and 8 were quantified and compared at specific frequencies based on 

data from standard compounds. 

Statistical analysis 

All the described analyses were repeated with multiple samples (as detailed 

in the Materials and Methods section) to ensure reproducibility of the results. 

Statistical analysis to assess differences between measured parameters was done 

with the t-test, with differences considered significant at p < 0.05. Linear 

correlations among parameters were assessed using the Pearson correlation (r) with 

significance at p < 0.05. 
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3.3.3 Results 

The scatter corrected and averaged raw spectra of dry CS, collagen I, MeHA, 

and cartilage pellets (Fig. 9a) have similar features, with broader overlapping peaks 

in the region above 7000 cm−1. The combination band region in the NIR (∼4000–

5400 cm−1) shows more subtle differences among the spectra from these 

components (Fig. 9b). Collagen has specific absorbances at 4396, 4596, and 

4898 cm−1. Similarly, CS and MeHA both have absorbances at 4312 cm−1. These 

absorbances are similar to those found in our earlier study where hyaline cartilage-

related matrix peaks were identified at these frequencies using data collection in 

transmittance mode [43]. Although the first overtone (5400–7000 cm−1) NIR region 

contains broader peaks than the combination band region, matrix peaks are still 

evident that correspond to collagen and CS content (Fig. 9c). 

 

Figure 9: Averaged and scatter corrected raw spectra of CS, cartilage, collagen I, and MeHA pellets (dried) 

showing matrix peaks in the spectral range of (a) 4000–10,000 cm−1, (b) 4200–5000 cm−1, and (c) 5400–

7000 cm−1.  
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Second derivative processing resolved the broader peaks into more 

pronounced peaks (Fig. 10a) and further confirmed the absorbance peaks present 

in raw spectra from collagen in the combination region (Fig. 10b). In the first 

overtone region, second derivative processing revealed peaks associated with 

collagen and CS that were not observed in the raw spectra (Fig. 10c). The 

absorbance peaks at 6402, 6556, 6687 cm−1 arise from collagen absorbances, 

whereas peaks at 5654 and 6803 cm−1 are associated with MeHA and CS. The peak 

at 6171 cm−1 arises from MeHA, while the peaks at 5778 and 5927 cm−1 are present 

in collagen and are shifted to slightly higher wave numbers in CS and MeHA. 

 

The PCA analysis helps to understand the contribution of specific 

frequencies associated with unique matrix and scaffold components. PC-1 separates 

Figure 10: Second derivative averaged spectra of CS, cartilage, collagen, and MeHA (dried) showing resolved 

peaks in the NIR spectral range of (a) 4000–7500 cm−1, (b) 4200–5000 cm−1, and (c) 5400–7000 cm−1. 
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the collagen and CS content among the samples, with high collagen content on the 

left (negative) side of PC-1 and high CS content on the right (positive) side of PC-

1 (Fig. 11a). Spectra from pellets with mixture of collagen, CS, and MeHA also 

show the same trend with high collagen containing mixtures on the negative side 

of the PC-1 and with higher CS containing mixtures on the right side of PC-1, 

indicating that differences in matrix content are apparent in these dry samples, even 

in the presence of the scaffold material. Similarly, the score plot indicates that the 

dry cartilage pellets contain more collagen than the CS as they lie on the left side 

of PC-1 score plot. 

The loading curve of PC-1 (Fig. 11b) shows the peaks influencing the 

separation of pellets along PC-1 with peaks on the positive side (4312, 4474, 

4960 cm−1) representing the CS content and on the negative side (4396, 4605, 

4898 cm−1) representing the collagen content. Similarly, the PC-2 loading curve 

separates the MeHA and CS pellets (Fig. 11c). The variation in the spectra from 

MeHA pellets is explained primarily by the absorbance at 4497 cm−1 and the 

spectral variation in the CS pellets by the 4443 cm−1 peak. The 4443 cm−1 peak has 

been previously reported as a matrix peak correlated with an increase of ECM 

proteins in developing bovine tissue engineered cartilage over time [33].  
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Similarly, the score plot of PCA analysis of second derivative spectra from 

pure and mixture pellets in the first overtone region (5400–7000 cm−1) shows the 

distribution of pellets with higher content of collagen and CS along PC-1 and PC-

2 (Fig. 12a-c). The separation along PC-1 is primarily influenced by the 5908 and 

5762 cm−1 peaks explaining the collagen content. The MeHA peak at 6171 cm−1 is 

the main contributor to the separation between MeHA and CS pellets as shown by 

Figure 11: PCA of second derivative spectra obtained from pure CS, lyophilized bovine cartilage, collagen, 

and MeHA pellets and from pellets of mixture of CS and Collagen in MeHA, in the 4000–5000 cm−1 spectral 

range. (a) Score plot shows the separation of the pure and protein mixtures along PC-1 and PC-2. The pellets 

containing more collagen are to the left side of the PC-1 plot, while the pellets containing more CS are on the 

right side of the PC-1. The cartilage pellets contain more collagen than CS as seen in the plot. (b) The loading 

curve of PC-1 reflects 86% of the separation among the protein spectra, while (c) the loading curve of PC-2 

accounts for 8% separation among samples. 
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PC-2 loading curve. However, the peaks at 5924 and 5777 cm−1 are also present in 

CS (Fig. 12c), additionally separating the pure CS pellet and MeHA pellets. 

Even though the 5924 and 5777 cm−1 peaks are present in both collagen and CS, 

the ratio of these peaks differs in collagen and CS. The second derivative peak 

height ratio of 5924–5777 cm−1 in the pure and mixture pellets is inversely 

Figure 12: PCA of second derivative spectra obtained from pure CS, lyophilized bovine cartilage, collagen, 

and MeHA pellets and from pellets of mixture of CS and collagen in MeHA in the 5400–7000 cm−1 spectral 

range. The mixture pellets are named as MeHAMIX: % of collagen–% of CS–% of MeHA (for e.g., MeHAMIX 

20–40–40 has 20% collagen, 40% CS, and 40% MeHA). (a) Score plot shows the separation of the pure and 

protein mixtures along PC-1 and PC-2. (b) The loading curve of PC-1 represents 70% separation among the 

protein spectra, while (c) the loading curve of PC-2 accounts for 18% separation among samples. 
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proportional to the CS content (R= 0.98, Fig. 13a) and directly proportional to the 

collagen content (R= 0.98, Fig. 13b). 

In hydrated native cartilage, absorbances from water overwhelm the NIR 

spectra, obscuring the main absorbance peaks present in the dehydrated samples 

(Fig. 14a). Based on the second derivative of the spectra, it was also clear that the 

peaks observed in hydrated cartilage arise primarily from water (Fig. 14b). 

Interestingly, two peaks of collagen and/or PG could still be identified in the 

hydrated cartilage spectra, at ∼5940 and ∼5800 cm−1, in a region where there is no 

water absorbance (Fig. 14c). 

Figure 13: Correlation of second derivative peak height ratio 5924/5777 cm−1 to (a) CS gravimetric weight 

content (mg/mg) (b) collagen gravimetric weight content (mg/mg), p < 0.05. 
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To assess whether these peaks could be used for evaluation of the amount 

of matrix produced in hydrogel constructs, the peaks were initially analyzed in gel 

standards with varying amounts of protein (gelatin). It was evident that the intensity 

of the peaks in the second derivative increased with gr eater protein content 

(Fig. 15a). In fact, there was a significant positive correlation between protein 

content and the intensity of the peaks at ∼5940 and ∼5800 cm−1 (Fig. 15b). These 

results support the possible use of the spectral features to monitor matrix 

development in hydrated engineered cartilage. 

Figure 14: Identification of collagen and PG absorbance peaks in the NIR spectra of hydrated native cartilage. 

Raw (a) and second derivative (b) spectra. Water absorbances overwhelm the spectra of native cartilage, 

hiding the main collagen and PG peaks observed in dehydrated cartilage. The peaks from native cartilage 

arise primarily from water, with minor contributions of collagen and PG. Orange arrows: collagen and PG 

peaks in dehydrated cartilage. Blue arrows: water peaks in native cartilage. Asterisks: minor peaks observed 

in both native and dehydrated cartilage. (c) Second derivative spectra. Only two minor peaks of collagen 

and/or PG can be identified in the spectra of native hydrated cartilage at ∼5940 and 5800 cm−1. 
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Average differences in NIR spectral features in hydrated constructs with different 

properties 

To evaluate the usefulness of this potential NIR approach, constructs were 

characterized as two groups, “poor” or “good” matrix production, based on 

quantified PG and collagen content and mechanical properties (Fig. 16a-c). 

Interestingly, analysis of the second derivative of the NIR spectra showed that the 

average intensity of the peaks at ∼5940 and ∼5800 cm−1 was elevated in good 

constructs (Fig. 16d), with PCA illustrating a clear trend to distinguish poor and 

good constructs based on the 6100–5700 cm−1 spectral range (Fig. 16e). In addition, 

a marked difference in the overall absorbance offset of the raw spectra was obvious 

between the poor and good constructs (Fig. 16f), which were further illustrated by 

PCA (Fig. 16g). 

Figure 15: The intensity of the NIR peaks at ∼5940 and 5800 cm−1 reflects protein content in hydrated gelatin 

gels. (a) Second derivative spectra of gels with increasing amounts of protein. (b) There was a very strong 

correlation (p < 0.05) between the intensity of the peaks at 5940 and 5800 cm−1 and the protein content in 

hydrated gels. 

https://www.liebertpub.com/reader/content/17ba1132075/10.1089/ten.tec.2020.0014/format/epub/EPUB/xhtml/f7.xhtml
https://www.liebertpub.com/reader/content/17ba1132075/10.1089/ten.tec.2020.0014/format/epub/EPUB/xhtml/f7.xhtml
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Furthermore, quantification of the peak intensity at ∼5800 cm−1 in the second 

derivative spectra (Fig. 17a) was significantly different between the poor and good 

groups (p<0.01). However, the difference in the peak intensity at ∼5940 cm−1 was 

not statistically significant (p = 0.08) (Fig. 17b). In addition, the second derivative 

5940/5800 peak ratio was significantly higher in good constructs (Fig. 17c), as was 

Figure 16:Differences in the NIR spectra of engineered cartilage constructs with poor and good matrix 

development. Constructs with poor and good development were identified based on the production of (a) PG 

and (b) collagen and (c) mechanical properties. (d) The average matrix peaks at ∼5940 and 5800 cm−1 were 

more intense in good constructs. (e) PCA shows separation of poor and good construct groups based on the 

6100–5700 cm−1 range of the second derivative spectra. (f) Raw spectra. The average absorbance offset was 

higher in good constructs. (g) PCA shows separation of poor and good construct groups based on the raw 

spectra. 
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the absorbance offset at 10,000 cm−1 in the raw spectra (Fig. 10d). Together, these 

results show that NIR spectroscopic approaches can be used to distinguish hydrated 

constructs with poor and good matrix development, based not only on the second 

derivative peak intensity at ∼5800 cm−1 but also on the second derivative 

5940/5800 ratio and on the absorbance offset of the raw spectra. 

Differences in NIR spectral features in longitudinal assessment of developing 

individual constructs in situ 

To verify if these approaches could be used to monitor the longitudinal 

matrix development of individual constructs, NIR spectra from constructs with 

poor and good matrix development (based on PG and collagen content and 

Figure 17: Quantification of differences in the NIR spectra of engineered cartilage constructs with poor and 

good matrix development. (a) The intensity of the peak at ∼5800 cm−1 in the second derivative spectra was 

significantly higher in good constructs. (b) Differences in the peak at ∼5940 cm−1 were not significant 

(p = 0.08). (c) The second derivative 5940/5800 peak ratio was significantly higher in good constructs, as well 

as (d) the absorbance offset at 10,000 cm−1 in the raw spectra. 

https://www.liebertpub.com/reader/content/17ba1132075/10.1089/ten.tec.2020.0014/format/epub/EPUB/xhtml/f10.xhtml
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mechanical properties at harvest end points of 8 weeks) were obtained and analyzed 

during development (Fig. 18a-c). Although peak intensity at ∼5800 cm−1 was 

higher in the good constructs, this peak did not show consistent trends in the same 

individual constructs monitored over time (Fig. 18d). The same trend was observed 

with the second derivative 5940/5800 peak ratio (Fig. 18e). 
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Interestingly, we noticed that the absorbance offset at 10,000 cm−1 in the 

raw spectra showed a clear progressive increase in constructs undergoing good 

Figure 18: NIR spectroscopic approaches to distinguish engineered cartilage constructs undergoing poor and 

good matrix development. Individual constructs were monitored by NIR spectroscopy longitudinally during 

development in cell culture. Individual constructs with poor (n = 6) and good (n = 6) development were identified 

based on the production of (a) PG, (b) collagen, and (c) mechanical properties at week 8. (d) The intensity of the 

peak at ∼5800 cm−1 was assessed for individual constructs (connected with solid line) and was always higher in 

the second derivative spectra of all the good constructs, but no clear trend was observed for individual constructs 

over time in culture. (e) The same was observed for the second derivative 5940/5800 peak ratio. (f) The raw 

spectra absorbance offset at 10,000 cm−1 showed a marked increase in all the good constructs over time, which 

was not observed in the constructs with poor matrix development. 
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matrix development, which was far less pronounced in poorly developing 

constructs (Fig. 18f). Together, these data demonstrate that although, on average, 

the matrix absorbances at ∼5800 and 5900 cm−1 reflect matrix development, in 

these constructs, those parameters are not sensitive enough to be useful for 

monitoring of the development of an individual construct. Alternatively, 

assessment of increases in the offset of the NIR spectra can be used to assess 

development of an individual construct. 

3.3.4 Discussion 

In this study, we demonstrate NIR spectroscopic approaches to nondestructively 

monitor the longitudinal matrix development of hydrogel-based tissue engineered 

cartilage constructs in situ. Previous studies from our laboratory have also used NIR 

spectroscopy to nondestructively evaluate cartilage constructs and have shown 

correlations with compositional and mechanical properties of developing constructs 

[33, 61, 90, 94, 95]. However, the current studies significantly advance this 

approach by demonstrating the ability to assess matrix development in individual 

hydrated constructs over time. The results presented here show that NIR spectral 

features that are less affected by water can be used to distinguish constructs with 

poor and good matrix development. 

We believe this approach can mitigate interference of water absorbances from 

the hydrogel scaffolds, providing an evaluation more closely associated to the 

matrix components produced by the cells. We show that the intensity of the peak at 

∼5800 cm−1 in the second derivative spectra was higher in constructs with good 

matrix development, as was the absorbance offset of the raw spectra. Both these 
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spectral features may be useful to indicate matrix development in engineered 

cartilage constructs. In particular, analysis of changes in the absorbance offset of 

the raw spectra at 10,000 cm−1, which does not require any spectral processing, may 

provide a simple and straightforward approach for the longitudinal monitoring of 

individual constructs during growth in cell culture. 

Several earlier studies from our group focused on evaluation of NIR spectra from 

cartilage and the primary matrix components that comprise that tissue, in particular 

in the spectral region up to ∼5200 cm−1, contributing increased capabilities for 

spectral interpretation [33, 43, 44, 61, 90, 95, 103]. However, the NIR region of 

7000–5400 cm−1 had not been extensively discussed in previous research for 

describing the matrix components of articular cartilage. This region consists of 

broader overtone absorbances of OH, NH, CH, and SH vibrations. The depth of 

penetration of NIR radiation in the 5400–7000 cm−1 is greater than in the lower 

frequency region, up to ∼3 mm, and has been described as an ideal region for 

cartilage composition assessment [41]. 

The matrix peaks (5664, 5778, 5924, 6556, 6688 cm−1) described based on the 

spectra of dry cartilage and its components provide a foundation for understanding 

and evaluation of native hydrated articular cartilage. This spectral region has also 

been explained as first overtone of CH and SH stretching of PGs as it correlated 

with swelling of cartilage [104]. Unfortunately, the primary collagen and PG peaks 

observed in dehydrated cartilage could not be clearly identified in the NIR spectra 

of hydrated native cartilage. 
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As water can account for up to 80–90 wt.% of the wet weight of cartilage [3], it 

is reasonable that the water absorbances in the spectra overwhelmed the matrix 

absorbances, obscuring underlying collagen and PG peaks. In particular, the 

presence of a broad water band at ∼5200 cm−1 made it impractical to achieve a 

reliable resolution of matrix peaks in the 5000–4000 cm−1 range, where the primary 

peaks associated with collagen and PG have been described [43, 61, 90]. However, 

we found that in the 6100–5700 cm−1 range, a region absent of water absorbances, 

it was possible to identify two minor collagen and/or PG peaks in the spectra of 

native cartilage at ∼5940 and ∼5800 cm−1. These absorbances arise from C-H 

stretch first overtone vibrations18 and can reflect the presence of proteins and/or 

PGs in the cartilage matrix. 

It is also important to discuss a previous study in which a fiber-optic Raman 

spectroscopy approach was proposed for longitudinal monitoring of matrix 

development in developing tissue engineered cartilage constructs [105]. There the 

authors described the application of an in-house built Raman system for the 

nondestructive monitoring of construct growth during cell culture. They show that 

the Raman spectra collected from the constructs had strong correlations to the 

biochemical quantification of collagen and PG, highlighting the potential of this 

approach to the evaluation of matrix development in live constructs. 

However, the use of Raman spectroscopy has some limitations compared to NIR. 

For instance, the Raman instrumentation used in the previous study was in-house 

built and is not easily accessible for most research groups. In contrast, the NIR 

spectrometer and fiber optics used here are commercially accessible and can be 
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readily acquired. In addition, the spectral data collection using the previous Raman 

system requires culture of constructs in phenol-red free DMEM to avoid 

interference from fluorescence of the dye present in media. This change in media 

composition was not required for NIR analysis, which allows the use of regular 

media in which phenol-red is useful for visual monitoring changes in media pH 

during cell culture. 

In addition, the fiber optic probe used for the Raman study has to be in contact 

with the engineered construct for the spectra collection, which can increase risk of 

contamination introduced by the probe tip and potentially damage the construct 

surface. With NIR spectra collection, the spectra can be collected without direct 

contact of the fiber optic probe with the growing engineered constructs, [33] 

resulting in an optimized approach for data collection. 

In conclusion, the data presented here demonstrate that features of the NIR 

spectra can be used to evaluate matrix development in hydrated engineered 

cartilage constructs. In particular, peaks seen at ∼5940 and 5800 cm−1 in the second 

derivative of the spectra were found to represent the formation of collagen and PG 

in the constructs, as well as the improvement of mechanical performance. 

Interestingly, we noticed that monitoring the baseline offset of the raw spectra at 

∼10,000 cm−1 can enable real time assessment of matrix development during 

construct growth in culture, with no spectral processing required. 

The establishment of these nondestructive approaches using fiber-optic NIR 

spectroscopy is a valuable step toward the in situ identification of individual 
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constructs with optimal matrix properties, allowing selection of specific constructs 

that may lead to successful tissue integration upon in vivo implantation. 
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CHAPTER 4: SPECTROSCOPIC ASSESSMENT OF CARTILAGE REPAIR IN 

PRECLINICAL STUDIES 

 Chapter 4 is a manuscript ready for submission to Frontiers in Bioengineering and 

Biotechnology. 

4.1 Overview 

This chapter focuses on development of an approach for spectroscopic assessment 

of repairing joint tissues in vivo.  Standard assessment of the progression of cartilage 

and joint repair is typically done by visual arthroscopy, which can be subjective, 

resulting in suboptimal evaluation [36]. Based on our initial studies of developing 

engineered constructs, it was clear that NIR spectroscopy could be a valuable addition 

to arthroscopic joint assessment, as it could permit molecular composition 

measurements of the repairing joint tissue. However, a recent study from our lab found 

that the parameters used to assess longitudinal maturation of tissue engineered 

constructs, including specific matrix absorbances and spectral baseline offset, were not 

useful for repair tissue assessment in vivo [106]. Although we initially focused on 

repair in pre-clinical models using both tissue engineered constructs and microfracture 

techniques, the optimal data to investigate spectral parameters that reflect in vivo repair 

came from microfracture studies. Further, given the role of blood clot formation in 

repair, we expanded our spectral region of analysis to include the visible region, so that 

hemoglobin absorbances could be investigated.  Visible-near infrared (Vis-NIR) fiber 

optic spectroscopy of joint tissues, including articular cartilage and subchondral bone, 

can provide an objective approach for quantitative assessment of tissue composition. 
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We applied this technique in the 350-2500 nm spectral region to identify spectral 

markers of repairing osteochondral tissue with the overarching goal of developing a 

new approach to monitor repair of cartilage defects in vivo.  The data provide support 

for further investigation of the visible spectral region for assessment of longitudinal 

repair of cartilage defects, which would enable assessment during routine arthroscopy 

in a hydrated environment. 

4.2 Introduction  

Articular cartilage, a connective tissue present at the end of long bones in 

diarthrodial joints, provides a smooth and lubricated surface for bone articulation 

without friction. It is composed of approximately 80 wt. % water and 20% extracellular 

matrix, which consists of proteins including collagen type II and proteoglycans [3, 6]. 

Chondrocytes are the primary cells in this tissue that represents about 2% of the total 

volume of healthy adult cartilage. This tissue is also characterized by a lack of blood 

vessels, nerves, and lymphatics; thus, when an injury occurs, the tissue healing is very 

limited [87, 107]. Ultimately, progression of an injury or degradation of this tissue can 

result in the debilitating disease osteoarthritis (OA).  

Osteoarthritis causes painful movement and discomfort and must be treated early 

for the best chance of success [14]. Microfracture treatments are widely used for repair 

of chondral defects associated with OA, in particular for small defects less than ~2 cm2 

[108]. In this approach, a defect is repaired using a sharp tool (awl) to puncture holes 

in the subchondral plate, which allows blood and stem cells that reside in the bone 

marrow to migrate to the defect site and initiate repair [37, 109]. The repair process, 
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however, frequently results in formation of undesirable fibrocartilage rich in collagen 

I [29, 109, 110].  

Current gold-standard techniques for repair assessment include the use of the ICRS 

II scoring system, developed by International Society of Cartilage Repair (ICRS) [111]. 

This is a destructive approach based on the histology scoring of the repair tissue, and 

since this is an end point test, longitudinal repair of the tissue cannot be assessed. 

Further, second look biopsies of repairing joint tissues are not the standard of care in 

the US or Europe [112]. Similarly, another approach for assessment of tissue repair 

utlizes the Oswestry arthroscopy score. This scoring technique includes a visual and 

tactile assessment of repair tissue and can be done arthroscopically [113]. However, 

the scoring can be very subjective and may result in suboptimal assessment of defect 

repair [36].  

Infrared (IR) spectroscopic analysis has been used in evaluation of cartilage and 

bone tissue in both the mid IR (MIR; 4000–400 cm-1 or 2500-25000 nm) and near IR 

(NIR; 10000–4000 cm-1 or 1000-2500 nm) spectral regions [2]. The NIR region has an 

advantage in analysis of thick tissues as radiation can penetrate and be detected up to 

several millimeters into the tissue, including in cartilage [41]. Considering that average 

human articular cartilage ranges from 1–3 mm thick, information from the entire 

cartilage depth can be obtained with NIR spectral analysis. NIR fiber optic 

spectroscopy has been previously used to nondestructively monitor matrix 

development in tissue engineered cartilage constructs in situ [33, 60, 94], and to assess 

proteoglycan content and cartilage thickness [114]. In particular, the baseline offset of 

NIR raw spectra have shown to be associated with an increase in the matrix 
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development in engineered cartilage [60]. Additionally, the absorbances at 5800 and 

5900 cm-1 have also been shown to be associated with accumulation of matrix 

representing the development of engineered cartilage [60].  In the case of NIR spectra 

of healthy cartilage with underlying subchondral bone, the ratio of water absorbances 

at 5200 cm-1 and 7000 cm-1 have been shown to reflect the increase in the ratio of 

thickness of subchondral bone to articular cartilage [115].   

In addition to spectroscopy in the NIR region, analysis in the visible spectral region 

(Vis; 350–700 nm) can provide important information on tissue composition. This 

spectral region has been used extensively for characterization of the light interaction 

with different biological tissues, including breast tissue, forearm muscle, abdomen and 

forehead. In these studies, absorbances from tissue components such as deoxygenated 

and oxygenated hemoglobin, lipids and water are monitored to yield information 

related to composition and/or function [54, 116]. In an osteochondral defect, this 

spectral region may provide information on hemoglobin, which would indicate the 

presence of a blood clot in the repairing tissue, typically present in the early stages of 

repair and less so at the later stages.  

The overall aim of this study is to evaluate the potential of Vis-NIR fiber optic 

spectroscopy to assess molecular changes related to tissue repair in osteochondral 

tissues in situ in a porcine preclinical model. This was done by collection of spectra 

from tissues at the defect site, followed by experiments to facilitate spectral 

interpretation. The depth of detection of diffuse reflectance spectra in the Vis-NIR 

spectral regions was also investigated. 
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4.3 Methods 

Animal study 

Animal procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Pennsylvania and performed in the animal 

facility at University of Pennsylvania. Animals in the current study were part of larger 

studies at U Penn, where the mature and immature animals comprised separate studies. 

For the 1 month study, six skeletally mature (age 12 months at the beginning of the 

study) Yucatan minipigs (Sinclair Bioresources, Auxvasse, MO, USA) were used, 

while for the 3 month study, 3 juvenile (age 6 months old at the beginning of the study) 

Yucatan minipigs (Sinclair Bioresources, Auxvasse, MO, USA) were used. Full 

thickness chondral defects were created in the trochlear grove using a 5 mm biopsy 

punch. Awl-based microfracture procedures (diameter: 0.8 mm, depth: 2 mm) with 3 

marrow stimulation holes were carried out. In total, n = 9 microfracture treatment 

defects were created for the animals in the 1 month study, and n = 6 microfracture 

treatment defects were created for the 3 month study.  The animals were housed and 

recovered under veterinary care. At the end of the study period (1 or 3 months post-

defect creation and microfracture procedure), all animals were euthanized, and the 

tissues evaluated spectroscopically and histologically (in addition to other end-point 

tests related to the original studies, and not reported here). 

Vis-NIR spectra collection 

Vis-NIR spectra were collected from the microfracture-treated defect tissue and 

from native healthy cartilage immediately after euthanasia in situ in intact joints. 
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Spectra were collected in a diffuse reflectance configuration using a fiber optic 

reflectance probe (Malvern Panalytical, USA) with 6 illumination fibers (600-micron 

diameter) and one collection fiber attached with a 2 mm spacer on the tip of the probe. 

The probe was connected to an ASD LabSpec 4 Standard-Res Lab Analyzer 

spectrometer (Malvern Panalytical, USA). From each tissue region, n = 3 spectra were 

collected, with 50 co-added scans and 8.5 ms of integration time over a spectral range 

of 350-2500 nm. The spectra were divided into the visible region (350-750 nm) and the 

NIR region (1000-2500 nm or 10000-4000 cm-1). All the visible region spectra are 

presented as wavelength (nm) and the NIR region spectra are presented as frequency 

(wavenumber, cm-1) per convention. The spectra were processed in Viewspec Pro 

(Malvern Panalytical) for splice correction of detector regions. The corrected spectra 

were then processed in The Unscrambler X (CAMO, Norway) software. The spectra 

were smoothed using Savitzky-Golay (SG) filter with 9 smoothing points. Second 

derivative processing was used (SG filter with 15 points smoothing) and then spectra 

inverted to evaluate the positive intensity of peaks of interest. Outcomes from spectral 

analysis in the NIR region were absorbance peak intensities reflecting water content 

(7000 and 5200 cm-1), and matrix protein content (peaks at 5900 and 5800 cm-1), while 

absorbance peaks reflecting oxygenated hemoglobin (blood) content (peaks at 540 and 

570 nm) were investigated in the visible region [117].   

Vis-NIR depth of detection into joint tissue 

The extent of light interaction from the fiber optic probe into the tissues was of 

interest to aid in spectral interpretation of the repairing joint tissue spectra.  This was 

assessed as the depth of detection in the harvested intact joint tissue, and in the cartilage 
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and bone separately and together. Harvested repair tissue from the 1 month 

microfracture study (primarily fibrous tissue, based on histology) was also investigated 

separately. Briefly, fresh stifle joints from one adult Yorkshire pig (Animal Biotech 

Inc., Doylestown, PA), were dissected and multiple full osteochondral plugs were 

harvested using a 6 mm biopsy punch (Miltex, Integra LifeSciences). Vis-NIR spectra 

of tissues of varying thickness, articular cartilage (1.6 to 4 mm), subchondral bone (1 

to 3 mm) and intact total joint tissue (cartilage and bone, 3 to 6 mm) were collected on 

top of 25 mm of polyethylene terephthalate (PET). The PET served as a semi-infinite 

layer, (light doesn’t pass through the 25 mm of PET material [118]) having unique 

spectral absorbances (Fig. 19). The PET polymer was chosen as it has distinct peaks in 

the spectral regions of interest. In the NIR region, the 8865 cm-1 (1130 nm) absorbance 

has been previously used to characterize PET polymer [119] and arises from the 2nd 

overtone of C-H stretching; the PET absorbance at 6000 cm-1 (1660 nm) arises from 

1st overtone of aromatic C-H stretching plus methylene stretching [120]. The ability to 

detect these absorbances while collecting spectral data from tissues on top of the PET 

can establish the depth of detection. Similarly, in the visible region, PET has a 

characteristic peak at 375 nm [121].  The depth of detection into the tissue was 

determined based on the minimum thickness of tissue from which the PET signal was 

not detected in the spectra, similar to as was previously described in Padalkar et al [41]. 
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Histology 

Full depth explants of the defect repair tissue regions were fixed in 4% 

paraformaldehyde for 24 hours. Samples were decalcified for 8 weeks by placing the 

samples in 50 mL conical tubes with 15-20 mL of decalcification solution (Formical-

2000) with intermittent changes, followed by embedding in paraffin wax. The 

Figure 19: Schematic of light scattering through cartilage 

tissue and a semi-infinite reflecting surface. 
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embedded samples were sectioned at 8 micron thickness onto glass slides and for each 

sample, the section with the largest defect region was stained with Safranin-O (0.2%) 

and fast green (0.02%) and imaged under a bright field microscope. Additional sections 

were obtained for Fourier transform infrared (FTIR) spectral imaging, as described 

below.  

Histological ICRS II scoring 

Four blinded independent observers previously trained in ICRS scoring of tissues 

reviewed and scored control and defect sections using the ICRS II Histological 

Assessment Scale [111]. While all parameters that comprise the ICRS II scale were 

scored on a continuous scale from 0 (poor defect repair) to 100 (normal articular 

cartilage), only the following parameters having significant differences between the 

two groups are reported: overall average score, matrix staining, surface architecture, 

basal integration, subchondral bone abnormality and vascularization. The four observer 

scores obtained for each parameter were averaged. 

FTIR spectroscopic imaging for the assessment of defect thickness 

As it was challenging to assess defect thickness based on the contrast in the 

histology sections, FTIR imaging data were collected from unstained sections of 5-

micron thickness on low-e slides (Kevley Technologies). Sections were imaged using 

a Spotlight 400 imaging spectrometer (Perkin Elmer) with a spectral resolution of 8 

cm-1, spatial resolution of 25 μm and 2 co-added scans. Spectral images were analyzed 

using ISYS 5.0 software (Malvern Instruments). The ratio of the integrated areas of  the 

collagen absorbance centered at 1338 cm-1 to the amide II protein absorbance [122] 
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was used to define the contrast related to the defect area. For each defect, 10 

measurements were taken and averaged to calculate the defect thickness in each 

sample. 

Data analysis 

Results of parametric measurements were reported as means and standard 

deviations. Comparisons of parameters between 1 month and 3 month repair tissue 

were assessed by a Student’s t-test, considering p < 0.05 for significance.  

4.4 Results 

Depth of Vis-NIR detection into cartilage tissue 

The detection depth of the NIR signal into tissue was assessed by monitoring the signal 

intensity of PET signature peaks at 8865 and 6000 cm-1 (Fig. 20a). The 8865 cm-1 peak 

could be detected through 4 mm of cartilage thickness as shown in Fig. 20b; however, 

in the lower frequency range, the 6000 cm-1 absorbance was only detected through 3 

mm of cartilage (Fig. 20c).  
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Figure 20: (a) Second derivative spectra of harvested cartilage tissue collected on top of a semi-infinite PET block. The 

depth of detection of PET signal at higher and lower frequencies were monitored by assessment of the PET signal at 

8865 cm-1 and 6000 cm-1 respectively. (b) The 8865 cm-1 signal intensity can be detected with cartilage thickness of up 

to 4 mm.  (c)  The 6000 cm-1 PET signal intensity can be detected with a cartilage thickness of up to 3 mm only. ** 

p<0.01. 
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It is known that light penetration into biological tissue is greatly diminished in the 

visible region [123]. Thus, it was not surprising that the PET signal at 375 nm was not 

detectable even through a cartilage thickness of 1.6 mm (Fig. 21).  

 

Figure 21: (a) Second derivative spectra of cartilage tissue (1.6 mm) with and without a semi-infinite PET 

polymer (25 mm) and the polymer alone showing the PET peak at 375 nm and cartilage peak at 420 nm. (b) 

The second derivative peak intensity with and without PET underneath cartilage tissue. 
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Histological scoring of cartilage tissue repair 

Histological staining and blinded ICRS II scoring revealed better repair after 3 

months in the juvenile animals, compared to 1 month of repair in the mature animals 

(Fig. 22 a, b).  As expected, repair tissue at 3 months had the highest combined total 

Figure 22: (a) Saf-O and fast green stained images from 1 month and 3 month animals with repair 

tissue region defined. (b) ICRS II scores (* p<0.05, ** p<0.01, Student’s t test) 
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average score (Fig. 22b) and better surface architecture, basal integration, and 

vascularization within the repair tissue (p<0.01) compared to the 1 month repair tissues. 

Defect thickness 

Sample images from 1 month and 3 months of repair are shown in Fig. 23a. The 

defect thickness is significantly higher in 3 month juvenile animals (x̄ = 2446.18 

micron, s = 832.13 micron) compared to 1 month mature animals (x̄ = 1192.7 micron, 

Figure 23: (a) FTIR images based on the 1338 cm-1/Amide II areas after 1 month of repair in a mature animal, and 

3 months of repair in a juvenile animal.  The measurement lines of defect thickness are shown. (b)The defect 

thickness is significantly greater in the 3 months animals (p<0.05, Student’s t test). 
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s = 157.09 micron, p<0.05) (Fig. 23b).  The increased defect thickness is expected in 

the later repair stages as in the juvenile model, tissue remodeling in subchondral bone 

can progress with time [37].  

Vis-NIR spectroscopic analysis 

Fiber optic-based Vis-NIR spectra were used to non-destructively assess the 

properties of defect repair tissue at 1 month and 3 months post-surgery. The spectra 

were divided into the visible region (350-750 nm) as shown in Fig. 24 and the NIR 

region (1000-2000 nm or 10,000-5000 cm-1) as shown in Fig. 25. The raw spectra in 

the visible region show differences between 1 month and 3 month repair tissue based 

Figure 24: Average (a) Raw and (b) 2nd derivative inverted Vis-NIR spectra from 1 month and 3 month defects 

in situ. The visible spectra clearly depict the differences in hemoglobin absorbance (540 and 570 nm) between 1 

month and 3 months repair.  Quantified 2nd derivative peak intensities of hemoglobin peaks at (c) 540 nm and 

(d) 570 nm showing greater hemoglobin detection in the 1 month tissue (p<0.05, Student’s t-test) 
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primarily on differences in hemoglobin absorbance peaks at 540 and 570 nm (Fig. 24a). 

The inverted second derivative spectra clearly shows the differences in hemoglobin 

absorbances (Fig. 24b), which could be quantitatively assessed based on peak 

intensities (Fig. 24 c, d).  

 

Figure 25: Average (a) Raw and (b) 2nd derivative inverted NIR spectra from 1 month and 3 month defects in 

situ.  The spectra highlight qualitative differences in water absorbances at 5200 cm-1 and 7000 cm-1 between 1 

month and 3 months of repair. Quantified 2nd derivative peak intensities of (c) water absorbances and (d) 

matrix absorbances in 1 and 3 month defects. Although trends are present, no significant differences were 

found between intensities from 1 month and 3 month defects (p > 0.05). 
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In the NIR region, the average raw spectra of 1 month repair tissue showed 

qualitatively more water absorbance and a slightly higher baseline offset compared to 

3 month repair tissue (Fig. 25a). The second derivative processing revealed that 

differences between 1 month and 3 month repair tissue were primarily in water 

absorbances at 7000 and 5200 cm-1 (Fig. 25b), but quantification did not yield 

significant differences (Fig. 25c).  Similarly, quantification of NIR parameters 

reflecting protein content showed no significant differences (p > 0.05) (Fig. 25d). 

To confirm that the hemoglobin peaks were primarily arising from the soft repair 

tissue, and not from underlying subchondral bone, spectra of isolated repair tissue were 

collected and compared with those from the entire defect in situ, as well as with those 

from isolated subchondral bone (Fig. 26a). The averaged spectra show that the 

hemoglobin absorbance at 540 and 570 nm from the in situ defect are similar to the 

absorbance from the isolated repair tissue (Fig. 26b). This is in line with our previous 

observation of the shallow depth of detection of visible light in this spectral region (Fig. 

21). In contrast, in the NIR region, the water absorbances are much higher in the 

isolated repair tissue ex vivo than in the defect in situ, and the subchondral bone 

spectrum closer resembles the in situ defect spectrum (Fig. 26c). The subchondral bone 

influence in the NIR spectra of the defect can also be observed in the 8250 cm-1 region, 

which shows that absorbance peak in both subchondral bone and in the defect, while 

the isolated repair tissue does not have this absorbance. 
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Figure 26: (a) Schematic of data collection from the defect tissue (in situ) and individual components, repair tissue 

and subchondral bone, ex vivo.  (b) Second derivative spectra from the defect in situ and isolated repair tissue and 

subchondral bone ex vivo in the visible range demonstrates the hemoglobin peak intensities at 540 and 570 nm in 

the defect tissue are more similar to those in the repair tissue than to those in subchondral bone. (c) Second 

derivative spectra in the NIR region demonstrate the differences in the water absorbances in the repair tissue in ex 

vivo compared to in situ spectra. At 8250 cm-1, the influence of subchondral bone in the in situ defect spectrum is 

apparent, while absent in isolated repair tissue spectrum. 
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4.5 Discussion 

Cartilage defects and degeneration cause disability and pain in millions of people 

worldwide. Accurate evaluation of tissue pathology and progression of repairing 

cartilaginous tissues would aid in management of defect repair, potentially preventing 

progression to widespread tissue degeneration [124, 125]. Arthroscopy is the gold 

standard for investigation of intra-articular pathology of the knee [113, 126]. 

Conventionally, arthroscopic assessment of joint tissues is carried out to qualitatively 

assess the tissue using visual or tactile evaluation with a hook probe.  Arthroscopic 

scoring systems such as Oswestry Arthroscopy Score (OAS) can be used to measure 

the quality of repair following articular cartilage surgery and can be used as a 

semiquantitative outcome measure [113, 127]. However, the use of a tactile probe can 

be highly subjective, and thus suboptimal [36, 128]. Vis-NIR spectroscopy using 

portable spectrometers and fiber optic probes offers a powerful alternative approach 

for the quantitative assessment of cartilage and subchondral tissue. Previously, NIR 

spectroscopy equipped with a fiber optic diffuse reflectance probe was used to 

investigate cartilage and subchondral bone properties in juvenile equines where 

information from the NIR first optical window (750 – 1900 nm or ~ 13333-5263 cm-1) 

was found to be useful for characterizing and estimating subchondral bone properties, 

such as bone volume fraction, bone mineral density and thickness. and thus, potentially 

could be adapted for arthroscopy [114]. However, those outcomes were based on 

artificial neural network analyses, which requires very large sample sizes. Here, we 

highlight an expanded spectral range to include the visible region hemoglobin 

absorbances. This was shown to be a valuable tool for assessment of changes in in vivo 
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repair tissue in a Yucatan minipig chondral defect model, and potentially in other 

animal models and clinical scenarios. 

Assessment of defects by conventional ICRS II histological scoring showed 

differences in tissue at 1 month and 3 months post-surgical repair. As expected, the 

defect repair was significantly better at 3 months compared to 1 month of repair, in 

spite of the presence of significant bone remodeling in the juvenile animals at 3 months. 

Such remodeling has been observed previously by Pfeifer et al. where they have found 

significant subchondral bone remodeling in microfracture defects in juvenile pigs 

compared to adult pigs after six weeks of repair [129].  However, this wouldn’t 

necessarily be an issue in adult animals or in human tissues. Perilli et al. demonstrated 

that neither structural parameters nor mechanical properties of trabecular bone depend 

on age in the osteoarthritic human knee joint [130]. Nonetheless, one of the most 

notable results from this study was the ability to detect the presence of varied amounts 

of blood in the repairing defects, which could be useful for longitudinal monitoring of 

the repair process. Although the NIR region of the in situ spectra did not show 

significant differences in spectra from 1 and 3 months of defect repair, some overall 

trends were apparent, which could likely be better defined with future multivariate 

spectral analyses, such as carried out in other studies [46, 114]. Further, it appeared that 

the NIR spectral features from the defect tissue were more similar to the subchondral 

bone than to the soft repair tissue. This is in line with the findings of Sarin et al, where 

NIR spectral data from intact joints reflected subchondral bone properties [114]. 

The process of tissue repair in the joint environment is complex and can take 

months, or even years. At the onset of the microfracture repair, the defect region is 
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filled with blood clot rich in mesenchymal stem cells from subchondral bone marrow 

[109]. Post-surgery defect repair occurs in three biological phases: the clot formation 

phase, repair cartilage formation phase, and cartilage maturation phase [108, 131]. The 

clot formation phase is marked by a blood clot in the defect area that is then gradually 

replaced by cartilaginous repair tissue over time; thus the reduction in blood content 

can be used as a spectral marker for the progression of cartilage repair. Shapiro et al, 

in their study of repair of full-thickness articular cartilage defects in rabbit models for 

over a period of 24 weeks, found that cartilage repair begins with fibrinous clot for few 

days followed by extracellular matrix synthesis as early as 10 days, and 

fibrocartilaginous tissue with chondrocytes present by 3 weeks. From 6, 8, 10 and 12 

weeks, progressive differentiation of cells into chondroblasts, chondrocytes, and 

osteoblasts and synthesis of cartilage and bone matrices in their appropriate locations 

were found with both tidemark and compact lamellar subchondral bone plate formation 

to occur by 24 weeks [132]. In another study by Orth et al., repair tissue of 

microfracture defects by small diameter drill (1 mm) in a sheep model were evaluated. 

At 6 months of repair, they found an increase in collagen type I in the defects by 60-

fold in repair tissue compared to adjacent healthy tissue with no significant differences 

in proteoglycan and collagen II content (normalized with DNA content), showing a 

strong indication of fibrocartilaginous repair tissue [133]. Thus, at 1 month and 3 

months post defect creation and repair, different tissue types are expected to be present. 

However, 3 months is not sufficient for the entire repair process to be completed.  

Understanding the resultant spectra collected from a defect comprised of several 

tissue types is challenging due to overlapping absorbances from the multiple tissues 
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present. During Vis-NIR spectroscopic data collection of cartilage or repair tissue, the 

incident light has variable penetration into the soft tissues (hyaline cartilage, 

fibrocartilage, fibrous tissue), and the underlying subchondral bone.  An earlier study 

by Padalkar et al.  showed that using the diffuse reflectance fiber optic mode of spectra 

collection, NIR light can penetrate into cartilage tissue and be detected more than 4 mm 

in 7000-9000 cm-1 and up to 3 mm 5000-7000 cm-1  [41]. The study provided an 

approximation of light interaction at different thicknesses of articular cartilage. Thus, 

there is potential for the resultant NIR signals from joint tissue to arise from a 

combination of tissue types. However, it is also well known that measurement depth of 

the NIR diffuse reflectance depends in part on the geometry of the optical fiber probe 

used for illumination and detection of light from biological tissue. Arimoto et al. 

showed quantitatively that the measurement depth of NIR diffuse reflectance light into 

human skin depends on both the geometry (distance between illumination and detection 

fibers) and thickness of optical fibers in the probe [134]. The determination of depth of 

detection by light into the defect is critical to evaluate the progression of repair in 

defect. In our estimation, we have found that the repair tissue thickness increases from 

1.5 mm in 1 month to ~ 3.5 mm in 3 months (Fig. 23), and that NIR light detection into 

the tissue ranges from 3 mm in low frequency regions (6000 cm-1) to more than 4 mm 

in high frequency regions (8865 cm-1) (Fig. 20). Thus, the NIR light collected through 

the defect repair tissues interacts with multiple features and tissues of the defect area, 

assessing both soft tissue and subchondral bone repair regions. This may be a 

confounding factor contributing to why it was not possible to detect significant changes 

in NIR spectra between 1 month and 3 month tissues. This is particularly evident in a 
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higher frequency CH-overtone peak at 8250 cm-1 [115, 135] which has a greater 

absorbance in subchondral bone and in the defect spectra compared to the soft repair 

tissue (Fig. 26c). McGoverin et al. have previously observed that this peak absorbance 

is more related to subchondral bone than cartilage in osteochondral tissue [115]. In our 

study, we also found the influence of subchondral bone in the in situ defect spectra 

based on this peak.  

Interestingly, the intensities of the water absorbance peaks at 5200 cm-1 and 7000 

cm-1 were not significantly different in the in situ defect spectra from 1 month and 3 

months. This was surprising, as differences in these peak intensities reflect the relative 

amount of bone and cartilage, respectively, as the 5200 cm-1 absorbance is typically 

greater than the 7000 cm-1 in bone. This discrepancy is likely due to the influence of 

free water from the joint that is confounding the spectral comparisons between the two 

groups. Comparison to spectra from free water supports this possibility, as the 

5200/7000 cm-1 ratio observed in the in situ data is more similar to that in free water  

(< 1)[136] than to that in bone (>1.2) or repair tissue (> 1.2) in the current study. This 

ratio has also been found to be a determinant of healthy cartilage where the ratio is 

lower than 1, while in degraded cartilage it is greater than 1 [137].    

Diffuse reflectance spectra in the visible region have a lower depth of detection 

compared to the NIR spectral region. Ash et al. found that the interaction of light in the 

visible range at 400-600 nm is reduced in depth by nearly 5 times compared to that of 

the NIR range [123]. Thus, in the visible range, the light interaction in the defect 

primarily occurs within the top soft tissue layer. Nevertheless, the visible region was 

very useful for assessment of changes in hemoglobin related to blood clot formation 
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and remodeling with microfracture.  Ideally, this would be implemented in collection 

of data from individual defects over the course of a study, which would also provide 

better information related to spectral changes associated with repair across all spectral 

regions. The lack of significant differences in NIR spectral parameters between the two 

groups studied here can also be attributed to the inherent individual variations in the 

tissue repair process, in particular at early timepoints. Kim et al. highlighted the 

importance of longer duration studies, 1 year to 2 years, to fully investigate the repair 

of the cartilage defects in Yucatan mini pig models [110].   
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CHAPTER 5: MODEL-INFORMED DESIGN AND ANALYSIS OF AN 

ARTHROSCOPIC PROBE 

 Chapter 5 consists of two studies that are part of a new grant submission and a 

patent application. The study pertains to Aim 3 with two sub- aims 3A and 3B.  

5.1 Evaluate the Optical Properties of Cartilage and Subchondral Bone Tissue 

5.1.1. Introduction 

Light interaction within any tissue is due to its optical properties. These optical 

properties are defined by; refractive index (n), absorption coefficient (μa), reduced 

scattering coefficient (μs’) and anisotropy factor (g). Absorption coefficient (μa) and 

reduced scattering coefficient (μs’) are the most important optical properties of a tissue 

and have shown significant potential to improve understanding of tissue properties in 

biomedical applications. They provide important information in explaining light 

interactions within biological tissues and can be used as parameters to characterize 

biological tissues [54]. In the joint space when visible and NIR light propagate through 

tissues, the light passes and interacts with both articular cartilage and subchondral bone. 

Various methods have been reported for measuring the optical properties of biological 

tissues [138]. These methods can be classified into “ex vivo” and “in vivo” categories 

in terms of the approach for sample preparation. The ex vivo method, which requires 

samples of certain shapes and sizes, is often based on transmittance and reflectance 

measurements. Then, the optical properties of the measured tissue can be estimated by 

using computational methods such as the inverse adding-doubling (IAD) method [139].  
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The optical properties of tissues in the visible (350-750 nm) and NIR (750-2500 nm) 

ranges will provide important information that can then be used to simulate how light 

will interact with these tissues in various combinations of tissue thicknesses. Such 

simulations are commonly accomplished by Monte Carlo (MC) methods [55]. The 

simulation can provide insights into how light interact with the combination of tissue 

based on the optical properties input (refractive index, anisotropy factor, absorption 

coefficients and scattering coefficients) provided for each layer. Detailed design of a 

prototype arthroscopic fiber optic probe would benefit from MC simulations of 

measured signals. Simulation of signals obtained with different tissue properties (for 

example, healthy cartilage tissue, osteoarthritic cartilage tissue, repairing cartilage 

tissue) will be helpful in optimizing 1.) fiber probe designs, i.e. different fiber size, 

source detector spacing, spacer offset from tissue and 2.) tissue model parameters (i.e. 

healthy vs. osteoarthritic vs defect vs repair, or even more specific parameters like 

articular cartilage thickness). These information would eventually be helpful in 

optimizing design for specific surgical challenges [55]. In order to perform these 

simulations, it is necessary to have detailed knowledge of the tissue model and fiber 

probe model in order to configure the MC simulations appropriately and thus produce 

the most authentic simulated reflectance spectra.  However, prior reports of optical 

properties of the bone/joint interface are not complete or reliable.  

Although optical properties of many mammalian tissues have been reported, there 

are very few studies studying the optical properties of articular cartilage and 

subchondral bone. Ebert et al. have studied equine articular cartilage optical properties 

using a spectrophotometer and integrating sphere in the range of 300-850 nm [141]. 
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Recently, Kafian-Attari et al. has studied the optical properties of bovine articular 

cartilage in the spectral range of 600 to 2500 nm using a spectrophotometer with in-

built integrating sphere. There is not any reported study with optical properties of 

subchondral bone. Mosca et al. [143] in their recent study have reported optical 

properties of porcine cortical bone in the spectral range of 650 to 1100 nm.  

Thus, the objective of aim 5.1 was to perform optical property measurements of 

articular cartilage and subchondral bone as a critical preliminary step to performing 

MC modeling studies. Finally, initial validation of MC simulations of Vis/NIR 

absorbances were performed by comparing simulated spectra to empirical measures. 

This study is aimed to quantitatively measure the optical properties of porcine articular 

cartilage and subchondral bone tissue in the Vis-NIR range. Specific objectives of this 

research can be divided into three parts: 

1. Estimate the absorption coefficient (μa), and the reduced scattering coefficient 

(μ’s) of the tissues using Vis-NIR light and integrating sphere-based systems. 

2. Compare the optical properties cartilage tissue with subchondral bone and 

evaluate the differences of the optical properties between these tissues. 

3. Model the light propagation in multi-layer tissues using Monte Carlo simulation 

(In collaboration with Patil Lab). 

5.1.2. Methods 

Sample preparation 

Porcine articular cartilage, subchondral bone pieces were harvested from the stifle 

joint of a Yorkshire pig (male, adult) (supplied by Animal biotech, Doylestown, PA). 

The stifle joint was harvested fresh and dissected to expose the femoral condyle. A 
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biopsy punch (6 mm, Miltex, Integra Lifesciences) was used to collect osteochondral 

plugs with cartilage and subchondral layer intact. Articular cartilage and subchondral 

bone of 1 mm thickness were then cut using a tissue slicer and stored in PBS-PI solution 

to store in -20oC for later testing. Prior to the optical measurements, cartilage and bone 

samples were sandwiched between two glass-slides (1 mm). 

Optical measurement and determination of optical properties 

To estimate the optical properties of articular cartilage and subchondral bone tissue, 

reflectance and transmittance measurements were collected in the Vis-NIR region 

(450-900 nm) and NIR region (1050-1550 nm).   Unfortunately, equipment was not 

available to measure optical properties in the longer wavelength NIR region. The Vis-

NIR data were collected using an ASD Labspec 4 res spectrometer light source and 

detector (Malvern Panalytical) with an integration time of 2 min. Similarly, the NIR 

data were collected using a QTH lamp source (Thorlabs) and ANDOR detector (Andor, 

USA). All optical measurements were carried out in a dark room to avoid ambient light 

interference. 
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Optical measurements were taken using an integrating sphere (Thorlabs) connected 

with fiber optic cable. The setup used to measure the total reflectance and transmittance 

in 6 different configurations is shown in Fig. 27. 

First, standard, and dark reflectance and transmittance measurements were taken. For 

standard reflectance, we used 50% standard reflectance puck (Edmund Optics) as 

reference. The integration times for reflectance and transmittance sides were: 2 min. 

The beam diameter was 3 mm. 

Estimating the absorption and scattering coefficients using IAD method 

From the 6 different reflectance and transmittance signals taken (as shown in Fig. 

27), IAD computation was used as described by Prahl et al. to calculate measured total 

reflectance (MR) and measured total transmittance (MT) as described below [140].  

  

Figure 27: Schematic/configuration for the collection of optical signals for IAD 

computation [7] 
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The absorption and reduced scattering coefficients were then calculated by IAD using 

these parameters. 

Monte Carlo simulation of light propagation 

After getting the optical properties of the samples, we designed a Monte-carlo 

model using MCX software (MCX Lab) of bone-cartilage joint with different 

thicknesses of cartilage to match with the ex vivo study of bone-cartilage joint.   

In our MC model, we used cartilage having thickness of 1mm, 1.6 mm and 2 mm, with 

1 mm thickness bone. To implement this bone-cartilage model, we created 3D voxels 

with 0.1mm voxel dimension. A voxel space of 200 x 200 thickness was used to create 

the model, with cartilage always in the superficial layer. An optical fiber was used to 

illuminate the sample and collect the data from the sample. The fiber was placed at a 2 

mm spacing from the sample surface, as was optimized in our previous study [55]. The 

fiber diameters for both source and detector were 600 nm. The source to detector 

distances were 600 nm in the fiber optics system. The NA of the fiber was 0.22.  The 

optical properties for the model were taken from our experimental studies. The 

thickness of each sample was measured using a caliper. The refractive index of these 

tissues was taken from the literature. The cartilage refractive index was considered as 

1.3975 as described by Wang et al [141]. Similarly, the subchondral bone refractive 

index was considered as 1.55 as described by Berke et al [142].  The simulations were 

initiated by launching 1e7 photons into the sample. After the simulation all detected 

photons were stored. In the post-processing steps, the photons having an exit angle 

which didn’t satisfy the acceptance angle criteria for the fibers were rejected. After 

rejecting the photons and selecting the appropriate photons, first, layer-dependent 
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detected weights were calculated from the partial path length information.  Then, mean 

path length was calculated for both layers. Then, using the Beer-Lambert’s law, 

reflectance was calculated. The reflectance absorbance was calculated by taking 

negative logarithm value. The simulations were performed with three different joint 

tissue configurations: 1. Cartilage (1 mm) and subchondral bone (1 mm), 2. Cartilage 

(1.6 mm) and subchondral bone (1 mm), and 3. Cartilage (2 mm) and subchondral bone 

(1 mm). The spectra from simulation were compared with experimental data with same 

configurations. Briefly, porcine articular cartilage, subchondral bone pieces were 

harvested from the stifle joint of a Yorkshire pig (supplied by Animal biotech, 

Doylestown, PA). The stifle joint was harvested fresh and dissected to expose the 

femoral condyle. A biopsy punch (6 mm, Miltex, Integra Lifesciences) was used to 

collect osteochondral plugs with cartilage and subchondral layer intact. Articular 

cartilage sections (1 mm, 1.6 mm and 2 mm thickness) and subchondral bone (1 mm 

thickness) were then cut using a tissue slicer. Vis-NIR spectra of cartilage sections and 

subchondral bone sections were collected using a fiber optic probe (ASD) with 6 

illumination fibers (600 micron diameter) and one collection fiber (600 micron 

diameter) in ASD Labspec 4 spectrometer (Malvern Panalytical) using 136 ms 

integration time and 50 coadded scan. 

5.1.3. Results 

Optical properties of articular cartilage and subchondral bone in the visible range. 

One of the most important factors to consider before starting optical property 

measurements from a sample is to check if the sample reflectance and transmittance 

signals are within the range of dark background and the standard. The dark background 
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signal corresponds with the ambient noise that affect the sample signal, while the 

standard measurements correspond with the highest signal that can be achieved with 

the samples being investigated. From the standard and dark reflectance data, the 

measurements for optical properties are viable in the Vis-NIR range of 450-950 nm 

(Fig. 28a) and in the NIR range of 1050-1400 nm (Fig. 28b). Similarly, for the 

transmission measurements, the optimal window was found to be 450-950 nm for Vis-

NIR range (Fig. 28c) and 1050-1400 nm for NIR range (Fig. 28d). 

Figure 28: Standard reflectance and transmittance in Visible and in NIR. 
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Optical properties of articular cartilage and subchondral bone in Vis-NIR range. 

The results show consistent wavelength-dependent variations in µa and µ’s in 

cartilage and subchondral bone samples (Fig. 29). The absorption coefficient of 

subchondral bone matches with the experimental absorbance spectra of subchondral bone 

where hemoglobin peaks overwhelm the absorption in 500-600 nm wavelength. In NIR 

region, the cartilage tissue having higher water content has higher absorption coefficient in 

Figure 29: Absorbance coefficients of articular cartilage and subchondral bone in (a) Vis-NIR (450-950 nm) 

region and (b) NIR region (1050-1450 nm). Reduced scattering coefficients of articular cartilage and subchondral 

bone in (c) Vis-NIR region (450-950nm) and (d) NIR region (1050-1450 nm. 
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water peak at 1400 nm compared to the subchondral bone. In general, lower µa and higher 

µ’s were observed in the visible and shorter NIR wavelength (450-950 nm) compared to 

higher frequency NIR region (1050-1450 nm) which is in agreement with the findings from 

another study by Kafian-Attari et al.  [143].  

MC simulation of articular cartilage on subchondral bone. 

Monte Carlo modeling enables simulation of Vis-NIR spectroscopy of joint tissue. 

The simulation also provides information about individual contribution of articular 

cartilage and subchondral bone tissue absorbances in the overall spectra collected using a 

reflectance probe. In this study, the simulated spectra of three different combinations of 

cartilage tissue (1 mm, 1.6 mm, 2 mm thickness) on top of subchondral bone (1 mm 

thickness) is observed and compared with the experimental data. Fig. 30 depicts the 

simulation in the Vis-NIR region (450-900 nm). In the visible region, the subchondral bone 

has strong hemoglobin absorbance which overwhelms the total absorbance of the tissue 

combination in both simulated (Fig. 30a) and experimental data (Fig. 30b). With increase 

in cartilage thickness from 1 mm to 2 mm, the overall spectra are influenced by the increase 

in the cartilage thickness in both simulated (Fig. 30 c,e) and experimental spectra (Fig. 30 

d,f). 
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In the NIR region (1050-1350 nm), water absorbance at 1150-1200 nm (8685 cm-1) from 

both cartilage and subchondral bone influences the overall spectra in both simulated and 

Figure 30: Simulation vs Experimental spectra in Vis-NIR region (450-900 nm). 
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experimental data. However, the increase in cartilage thickness results in the change in 

overall spectra to the shape of articular cartilage spectra.  

Figure 31: Simulation vs Experimental spectra in NIR region (1050-1300 nm). 
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5.1.4. Discussion 

In this study, we investigated the optical properties of articular cartilage and 

subchondral bone in the spectral range of (450-1400 nm). Although optical properties 

of many mammalian tissues have been reported, there are very few studies studying the 

optical properties of articular cartilage and subchondral bone. Ebert et al. have studied 

equine articular cartilage optical properties using a spectrophotometer and integrating 

sphere in the range of 300-850 nm [144] where they have found a steadily decrease in 

the absorption coefficient, confirming the results found in this work. A similar trend 

was seen in the scattering coefficient of the articular cartilage where the scattering was 

maximal at shorter wavelengths with a rapid decrease in scattering noted at longer 

wavelengths [144]. A similar trend has been found in another study by Vangsness et 

al. in absorption coefficient of fibrocartilaginous human menisci [145]. Recently, 

Kafian-Attari et al. has studied the optical properties of bovine articular cartilage in the 

spectral range of 600 to 2500 nm using a spectrophotometer with in-built integrating 

sphere. In their study, absorption coefficient of articular cartilage has decreasing trend 

as observed in our study [143]. In the NIR region, the absorption coefficient is 

significantly higher in the water absorption region with highest absorption at 1900 nm 

water absorption peak. Similarly, the reduced scattering coefficient of articular 

cartilage also had decreasing trend from shorter wavelength to longer wavelength. The 

reduced scattering coefficients from this study is comparable to Kafian-Attari et al.’s 

study as the reduced scattering coefficient ranges from (~2.2 – 0.5 mm-1) from 450 to 

900 nm spectral range. 
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There are not any reported study with optical properties of subchondral bone. 

Mosca et al. [146] in their recent study have reported optical properties of porcine 

cortical bone in the spectral range of 650 to 1100 nm. The absorption coefficient of 

porcine bone was found to be decreasing trend with an absorption peak at 950 nm 

possibly due to water absorption. We have found similar decreasing trend in scattering 

coefficient of articular cartilage in the 400-1300 nm range. In 1300-1450 nm, due to 

the very high absorption properties of water in the cartilage, the calculated reduced 

scattering coefficient values are much higher and should not be trusted. 

Tissue optical properties are effective estimators of tissue constituents of 

connective tissues such as articular cartilage [143]. Optical properties of biological 

tissues provide promising parameters for diagnostic assessment of several biological 

tissue, such as breast, brain, skin, muscle, etc. as they determine the interaction of light 

into the tissue [138]. These optical properties can also be used in computational 

modeling such as Monte Carlo simulation of light propagation into a tissue or 

combination of tissues. MC modeling is a computational technique that simulates 

photon transit through tissues and thus can output simulated Vis-NIR spectra as well 

as information on the relative contribution to measured spectra arising from the optical 

interactions in the articular cartilage and subchondral bone [55]. In our study, we used 

accelerated MC model (MCX) to simulate the in vivo spectra from the joint tissue at 

three different combinations of articular cartilage thicknesses and subchondral bone 

based on their optical properties.  

It is important to acknowledge that the spectral range for this study is limited to 450 

to 1300 nm. In our studies we have found the higher frequency (shorter wavelength) 
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region (1000 – 2200 nm) is very important to describe compositional differences in the 

cartilage and subchondral bone. Therefore, we hope that future studies will incorporate 

the data from the full spectral range from 350-2500 nm to better explain the differences 

in optical properties of articular cartilage and subchondral bone. This data will be very 

valuable to create the simulation models to understand the interaction of photons into 

the joint space necessary in guiding the designing of an arthroscopic probe. 

Nevertheless, based on the preliminary data collected here, we have some guidance on 

how to design a next generation arthroscopic probe. Furthermore, with the reliable 

optical properties of repair tissue, an arthroscopic Vis-NIR fiber optic probe can be 

designed to quantitative data collection of repairing cartilage. 

 

5.2 Design, Fabrication and Testing of a Prototype Arthroscopic Fiber Optic Probe 

for In Vivo Vis-NIR Spectra Collection of Cartilage Repair. 

5.2.1. Introduction 

Osteoarthritis (OA) is results from injury or disease to articular cartilage, and  can 

be debilitating if not diagnosed and treated properly [14]. The most commonly used 

surgical technique to diagnose and treat joint injury or degradation is arthroscopy [113, 

126]. Arthroscopy is a surgical procedure in which surgeons create a small incision in 

the skin and muscle above a joint of examination and insert a camera for visualization 

of the joint. In addition to cameras, other arthroscopy instruments are inserted via a 

secondary port for use to the surgeon. Specifically, the arthroscopic hook probe and 

retractor is the most common device used, allowing the surgeon to examine joint 

quality by probing the cartilage surface [113, 128]. Based mainly on palpation and 
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visual aspects, the surgeon assesses cartilage quality using score systems such as the 

International Cartilage Repair Society (ICRS) score, the Oswestry arthroscopy score 

[113] and the Outerbridge score [147] for joint cartilage breakdown, among other 

macroscopic evaluation systems. However, assessment of cartilage properties using 

these scoring systems rely on surgeon’s perception of the touch by the probe tip and 

visual inspection of the tissue and is limited to surgeons’ subjectivity [36, 128], Hence, 

there is an urgent need for an arthroscopic device technology that can provide an 

objective quantifiable system of cartilage assessment.  

 Infrared-based methods have been established over the last 15-20 years for a non-

destructive assessment of cartilage and bone tissue [2, 47, 94, 100]. Infrared 

spectroscopy is based on absorbance of infrared light by tissue functional groups at 

specific vibrational frequencies, and thus, it is dependent only on properties of the 

analyzed sample, yielding objective and reliable results [21]. In particular, near infrared 

(NIR) spectroscopy is a non-destructive technique widely used to evaluate the 

composition of various biological tissue, including joint cartilage, tendons and bones 

[148, 149]. Moreover, NIR radiation has a large depth of penetration from millimeters 

to centimeters, allowing users to probe entire tissues [41]. Coupled to a fiber optic 

probe, our group has validated the potential of NIR spectroscopy to quantify cartilage 

composition and mechanical properties [63, 95]. There are currently no commercially 

available NIR probes to assess cartilage quality during surgery. The NIR arthroscopic 

proposed here is an innovative technology that can fulfill this demand and may 

significantly improve joint cartilage assessment and therapeutic management. 
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5.2.2. Methods 

Probe design (Temple University Invention Disclosure and Provisional Patent; 

Contributors: Nancy Pleshko, Shital Kandel, Jessica Falcon, Jack Oswald, William 

Maciel Querido; Near Infrared Arthroscopic Probe): 

The arthroscopic probe design and concept was based on an arthroscopic hook 

probe that is routinely used for arthroscopic evaluation of cartilage defects. Based on 

the dimensions and geometry of the hook probe, the 3D design of the probe was created 

using AUTOCAD 2019 (Autodesk student) as shown in Fig. 32. 

Figure 32: Schematic of the arthroscopic probe design (a) the concept of the probe was based on clinical 

arthroscopic hook probe (b) 3-dimensional drawing of the probe design with dimensions. (c) The probe tip consists 

of a 90o bend angle of dimensions as shown. 
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The arthroscopic probe design was divided into external design and internal design: 

External design: The external design was divided into 3 components; probe, handle and 

cable (Fig. 32).  

The probe part is a hollow metal component with external diameter of 2 mm and 

the hollow diameter of 1.5 mm. The probe is 120 mm in length and bent at one end in 

90o so that the length of the bend part from the top end of the probe is < 4 mm.  

The handle is 150 mm long tube with ridges for better grip of the probe during 

surgery. It has 2 wings (10 mm) on either side of the probe for maneuvering probe and 

an extension (10 mm) on the top on the opposite side of the probe tip to guide about 

orientation of the probe during arthroscopic surgery (Fig. 33). The handle was 3D 

printed from surgical grade resin (Formlabs) material using a Formlabs 2 3D printer 

with 70% fill. The resin material is biocompatible and hemocompatible to be used in 

surgical applications.  

 

Figure 33: 3D design and rendering of the probe handle. 
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The cable is 1.5 m long with bifurcated legs on one end. The bifurcated legs house 

illumination and collection fibers in respective legs and are ended with SMA905 

connectors to connect with the spectrometer. 

Internal design: Internally, the arthroscopic probe houses optical fibers and optical 

components. There are 7 optical fibers in total; 6 illumination fibers are housed in one 

leg of the bifurcated cable to connect to the light source and one collection fiber is 

housed in another leg of bifurcated cable to connect to the detector. The optical fibers 

used are 300 micron core diameter and 330 micron with cladding. They are low-OH 

fused silica fibers (Fiber optic systems Inc.). The fibers are arranged with the 

illumination fibers at the periphery surrounding a collection fiber in the center at the 

tip of the probe as shown in Fig. 34. Since, the fibers cannot be bent at 90o angle, the 

tip of the probe consists of a reflecting prism at the bend connecting the fibers to the 

optical components at the bent tip (Fig. 34). The prism is connected to the continuing 

fibers (400 micron, low-OH fused silica fibers) and glass spacer (fused silica) at the tip 

of the probe. The probe was assembled by Fiber Optic Systems Inc. California, USA. 

The final assembly is shown below (Fig. 35). 
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In vitro testing of the arthroscopic probe: 

The arthroscopic probe was tested for spectra quality and throughput using standard 

polymer, dry and wet samples and compared with an ASD reflectance probe (600 

micron low-OH fibers, 6 fibers for illumination surrounding one fiber for collection at 

the center) used in our lab (Malvern Panalytical). The throughput of the light from the 

Figure 35: Arthroscopic probe working prototype with dimensions of the probe tip. 

Figure 34: Probe assembly at the tip with the dimensions of each optical components.  
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tip of the probe was measured by a digital optical energy meter (Thorlabs PM100D) 

with SV10C sensors at 900 nm wavelength.  

The spectral quality from arthroscopic probe was assessed by measurement of 

spectral signatures from  a polyethylene terephthalate (PET) polymer standard (25 mm 

thickness), a cartilage pellet (as described by Kandel et al. [60]) and articular cartilage 

as described in specific aim 3A. 

The spectra were collected with 136 ms integration time and 100 coadded scans 

using an ASD Labspec 4 spectrometer (Malvern Panalytical). The spectral quality was 

compared in raw and 2nd derivative absorbance spectra. 

In vivo testing of the probe in porcine cadaveric stifle joint: 

The spectral quality of articular cartilage in in vivo joint space was tested with a 

cadaveric porcine (Yucatan mini pig) stifle joint. The major challenge was to ensure 

contact between the probe tip and the tissue surface in different regions of the joint 

space.  Briefly, two 1 cm ports were created on the lateral side of the knee with a help 

of a trocar, one port was used to insert the visual scope to view the joint space while 

the other port was used to insert the arthroscopic probe. Spectra were collected from 

articular cartilage at the distal side of trochlear groove with 136 ms integration time 

and 100 coadded scan using ASD Labspec 4 spectrometer (Malvern panalytical). The 

spectral quality was assessed based on presence and signal to noise of water absorbance 

peaks in the NIR region and hemoglobin peaks in the visible region. 
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5.2.3. Results 

In vitro testing of the arthroscopic probe: 

The light throughput from the tip of arthroscopic probe was 1.94 mW/cm2 

compared to 14 mW/cm2 from ASD probe. This difference is possibly due to the thicker 

fibers (600 micron) used in the ASD probe compared to 300 micron fibers in 

arthroscopic probe. The spectral quality of the PET taken with these two probes was 

compared. In the PET standard spectra. All peaks were visible using the arthroscopic 

probe, and all the features of the Vis-NIR spectra of PET present (Fig. 36).  
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Similarly, the cartilage pellet spectra collected from both the ASD probe and 

arthroscopic probe revealed all the protein peaks as described in Kandel et al [60] (Fig. 

37).  

Figure 36: Vis-NIR spectra of PET using ASD probe and arthroscopic probe. 
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The spectra quality of a, ex vivo cartilage piece from ASD probe and arthroscopic 

probe was also tested (Fig. 38). In cartilage spectra from arthroscopic probe, there were 

Figure 37: Vis-NIR spectra of a cartilage pellet using ASD probe and arthroscopic probe. 
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“dips” in the spectra at wavelength 1665, 1900 and 2140 nm as shown in Fig. 38. 

However, the spectral quality at other wavelengths was very similar in both the 

arthroscopic probe and the ASD probe. 

Figure 38: NIR spectra of an ex vivo cartilage piece (2 mm thickness, 6 mm diameter) in NIR region using 

ASD probe and arthroscopic probe. 
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In vivo testing of the arthroscopic probe: 

The arthroscopic probe design has a sharp edge on the bend tip and the tip of the 

probe (Fig. 35). Using a visual scope, the surgeons were able to check the tissue damage 

it might cause. The sharp edge caused some abrasion on the patella on top of the 

trochlear groove during the experiment (Fig. 39a). The spectra collected from articular 

cartilage on trochlear groove using arthroscopic probe is shown in Fig. 39 b, c. In both 

raw and 2nd derivative spectra, hemoglobin absorbance can be clearly seen in the 

arthroscopic measurements.  
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Figure 39: Arthroscopic spectra collection from articular cartilage of a cadaveric porcine stifle joints. (a) the 

sharp edges at the bend of the probe can cause some abrasion on the patella roof. (b) Raw, and (c) 2nd derivative 

spectra from the articular cartilage reveals the hemoglobin peaks (shown with arrows) from the subchondral 

region. 
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5.2.4. Discussion 

This study reports the design and fabrication of an arthroscopic probe for 

Vis-NIR spectroscopy-based assessment of cartilage and joint tissue during routine 

arthroscopy. In the present study, the geometry and dimensions of the probe are 

based on a normal arthroscopic hook used by surgeon for tactile assessment of 

cartilage. The dimension of the bent part of the probe tip was kept below 4 mm so 

that it would fit into a porcine stifle joint, as was done based on arthroscopic 

examination with arthroscopic hook probe. Similar designs have previously been 

used to build arthroscopic probes to collect NIR spectra from cartilage lesions, but 

without a 90 degree bend in the probe. Spahn et al. [45] in their study had fabricated 

similar probe with design similar to the arthroscopic hook probe which have a bend 

of ~ 120o. Their study showed that the assessment of composition of articular 

cartilage by arthroscopic NIR data corresponded to the proteoglycan and collagen 

content by traditional score. Similarly, Sarin et al. [114] had used a similar 

arthroscopic probe to collect fiber optic NIR data from equine stifle joints. Their 

data was then used to build models based on machine learning technique of artificial 

neural network to predict articular cartilage mechanical and biochemical content, 

as well as subchondral bone thickness. The design of the probe in both studies were 

inspired from an arthroscopic hook probe with slight modifications in external 

design and different optical configurations inside the probe. Spahn et al. had used 

6 illumination fibers surrounding 1 collection fibers of 200-micron diameter silica 

fibers [45]. Similarly, Sarin et al. had used 100 illumination fibers (100 micron 

diameter) and 14 collection fibers (100 micron diameter) in their design [114]. Both 
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of these designs however do not offer a 90o bend, which is necessary to obtain 

optimal tissue contact within the joint. In our design, we have also added a 1 mm 

glass spacer at the tip of the probe for optimal data collection and contact, based on 

previous studies that described an offset was optimal, as opposed to direct NIR fiber 

contact with the tissue [150].  Additionally, the arthroscopic probe designed by 

Spahn et al. was only active in the spectral range of 700-1100 nm [45],  and the 

arthroscopic probe designed by Sarin et al. was only active in the spectral range of 

600-1900 nm [114]. Our design provides spectroscopic data collection in the range 

of 400-2200 nm, which include the longer wavelength regions that contain 

important matrix and water absorbances, and the shorter wavelength visible 

hemoglobin absorbances at 540 nm and 570 nm that can be used as spectral 

biomarkers of cartilage repair progression.  

There are a few limitations in the design of the arthroscopic probe. The dips 

seen in the hydrated sample (cartilage) spectra interfere with the matrix peaks at 

1665 nm [60] and cartilage water absorbance peak at 1900 nm [136]. Additionally, 

the sharp edges at the bend part of the probe tip can be detrimental to the patellar 

cartilage on the roof of the joint space causing abrasion and degeneration of the 

cartilage.  Additional research is being carried out to understand the origin of the 

dips in the spectra.  Further, a probe redesign will address the sharp edges. 
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CHAPTER 6: CONCLUSION 

 This thesis work has helped to demonstrate that fiber optic based NIR and Vis-Nir 

spectroscopy can be used as a tool to understand the development of tissue engineered 

cartilage in vitro as well as the repair of cartilage defects in vivo. Additionally, the studies 

described showed the light interaction of cartilage and subchondral bone via Monte Carlo 

simulation models based on their optical properties. Together, these studies addressed 

several important challenges related to nondestructive assessment of tissue engineered 

cartilage development and cartilage repair via an arthroscopic fiber optic NIR probe. 

 In chapter 3, spectroscopic-based quantification of the degree of methacrylation of 

hyaluronic acid was studied, a multivariate statistical model was developed, and a 

spectroscopic-based method was introduced for quantification of degree of methacrylation 

in the HA modification process. Previous studies have highlighted that the degree of 

methacrylation in HA-based constructs has impact on outcome of engineered tissue and 

depending on various application in different fields of tissue engineering, varying degrees 

of methacrylation has been implemented. Our spectroscopic approach of determining the 

degree of methacrylation could be easily used as an alternative to expensive 1H NMR. 

Similarly, chapter 3 also demonstrated nondestructive approaches to evaluate tissue 

engineered construct development during maturation in vitro. In this study, we established 

approaches by which NIR spectroscopy can be used to select optimal individual engineered 

hydrogel constructs based on matrix content and mechanical properties. NIR spectroscopy 

of dry standard compounds allowed identification of several absorbances related to 

collagen and/or proteoglycan, of which only two could be identified in spectra obtained 

from hydrated constructs, at ∼5940 and 5800 cm−1. In dry sample mixtures, the ratio of 
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these peaks correlated positively to collagen and negatively to PG. In NIR spectra from 

engineered cartilage hydrogels, these peaks reflected higher collagen and PG content and 

dynamic modulus values, permitting the differentiation of constructs with poor and good 

matrix development. Similarly, the increasing baseline offset in raw NIR spectra also 

reflected matrix development in hydrated constructs. However, weekly monitoring of NIR 

spectra and the peaks at ∼5940 and 5800 cm−1 was not adequate to differentiate individual 

constructs based on matrix composition. Interestingly, changes in the baseline offset of raw 

spectra could be used to evaluate the growth trajectory of individual constructs. These 

results demonstrate an optimal approach for the use of fiber optic NIR spectroscopy for in 

situ monitoring of the development of engineered cartilage, which will aid in identifying 

individual constructs for implantation. 

 In chapter 4, the NIR parameters developed from chapter 3 were used to evaluate 

the repair of microfracture defects in vivo in Yucatan minipig models at 1 month and 3 

months. Along with the NIR parameters developed from chapter 3, the spectral range of 

light interaction was widened to include visible region. Visible-near infrared (Vis-NIR) 

fiber optic spectroscopy of joint tissues, including articular cartilage and subchondral bone, 

can provide an objective approach for quantitative assessment of tissue composition. Here, 

we applied this technique in the 350-2500 nm spectral region to identify spectral markers 

of repairing osteochondral tissue with the overarching goal of developing a new approach 

to monitor repair of cartilage defects in vivo. In the visible spectral region, hemoglobin 

absorbances at 540 and 570 nm were significantly higher in spectra from 1 month repair 

tissue compared to 3 months repair tissue, indicating a reduction of blood in more mature 

repair tissue. In the NIR region, qualitative differences between the two groups were found 
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in spectra from the defect, but differences did not reach significance.  Further, spectral data 

also indicated that the hydrated environment of the joint tissue may interfere with 

evaluation of tissue water absorbances in the NIR region. Together, these data provide 

support for further investigation of the visible spectral region for assessment of longitudinal 

repair of cartilage defects, which would enable assessment during routine arthroscopy, in 

particular in a hydrated environment. 

 The results of chapter 4 motivated the need for an arthroscopic probe that can be 

utilized for longitudinal analysis of repair of cartilage defects. In chapter 5, the 

measurement of optical properties of articular cartilage and subchondral bone were studied. 

The study was successful for the region (450-950 nm and 1050-1300 nm). The absorption 

and reduced scattering coefficient of these tissue provided data to build Monte Carlo 

computational models to study the influence of each tissue and their combination in Vis-

NIR spectroscopy of joint tissue. This study established methods to collect optical 

properties of cartilage and subchondral tissue along with development of MCX models that 

can provide model informed designing of arthroscopic probes in the future. 

In summary, the main conclusion of this thesis is that fiber optic-based visible-near 

infrared (Vis-NIR) spectroscopy can be used as a nondestructive approach to assess 

engineered cartilage development in vitro, and in vivo to assess joint  repair in a pre-clinical 

model of chondral defects. Additionally, the thesis has demonstrated the design of a fiber 

optic based arthroscopic probe for quantitative analysis of cartilage repair in preclinical 

animal models. 
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